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1. INTRODUCTION 
 

This Engineering Appendix is developed to an appropriate level for the Feasibility 
Report level, which is a major milestone during the course of the study used to identify and 
select the Recommended Plan.  The Recommended Plan is identified and described to a 
further level of detail within the Main Report and the remaining three volumes of the 
Engineering Appendix (ED-1, ED-2 and ED-3) of the Feasibility Level Report. The 
Engineering Technical Appendices were completed in accordance with ER 1110-2-1150. 
 
1.1 PURPOSE OF THIS APPENDIX  
 
The purpose of this appendix is:  
 To provide detailed technical aspects of Plan Formulation that is not covered in the 

Main Report. 
 To provide Engineering regional (non-lock specific) data. 
 To provide data pertinent to ALL the Emsworth, Dashields and Montgomery sites for 

the existing features - whereas lock-specific feasibility designs are contained in 
Documents ED-1 (Emsworth), ED-2 (Dashields) and ED-3 (Montgomery). 

 To provide general engineering criteria and background data pertinent to the study. 
 To provide risk and reliability data for the features. 
 To provide problem and issue identification. 
 

 
1.2 PRIOR STUDIES AND REPORTS 
 

The following table summarizes documents pertinent to the Ohio River Mainstem 
System Study (ORMSS), and additional documents specifically relevant to the Upper Ohio 
River projects of Emsworth, Dashields and Montgomery Locks and Dams. This list includes 
both Authorization and Technical Documents.  
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TABLE 1.1-A – List of Prior Studies and Reports 
 

Reference 
Number 

Document Title Date Produced by 

1 "Third Fixed Dam" - (1928-1931) - With 
Public Hearing & Corres 

1928-1931 CEORP 

2 Report on Replacement of Emsworth, 
Dashields, and Montgomery L/D 

Apr-71 CEORP 

3 Emsworth L/D 1st Periodic Inspection 
Report 

Feb-72 CEORP 

4 Montgomery L/D 1st Periodic Inspection 
Report 

May-72 CEORP 

5 Dashields L/D 1st Periodic Inspection 
Report 

May-72 CEORP 

6 WES Report on Condition of Piers -
Montgomery L/D 

Apr-74 WES for CEORP 

7 Engineering Condition Survey and 
Structural Investigation of Emsworth L/D 

Aug-76 WES for CEORP 

8 Montgomery L/D Interim Inspection 
Report 

Sep-76 CEORP 

9 
Engineering Condition Survey and 

Structural Investigation of Montgomery 
L/D 

Mar-77 WES for CEORP 

10 Dashields L/D 2nd Periodic Inspection 
Report 

May-77 CEORP 

11 Reconnaissance Report for Major 
Rehabilitation of the Emsworth L/D 

Aug-77 CEORP 

12 Montgomery L/D 2nd Periodic Inspection 
Report 

Aug-77 CEORP 

13 Emsworth L/D 2nd Periodic Inspection 
Report 

Aug-77 CEORP 

14 Emsworth L/D, RehabilitationFeature 
Design Memorandum 

Jun-80 CEORP 

15 Emsworth L/D Rehabilitation, Stability 
Computations with Rock Anchors 

Sep-81 CEORP 

16 Montgomery L/D 3rd Periodic Inspection 
Report 

May-82 CEORP 

17 Dashields L/D 3rd Periodic Inspection 
Report 

May-82 CEORP 

18 Reconnaissance Report on the 
Rehabilitation of Montgomery L/D 

Jul-82 CEORP 

19 Foundation Exploration ~ Montgomery 
Locks and Dam Rehabilitation 

1983 D'Appolonia Drilling, Inc. for 
CEORP 

20 
Montgomery L/D - Major 

RehabilitationFeature Design 
Memorandum 

Dec-83 CEORP 

21 Reconnaissance Report for Major 
Rehabilitation of the Dashields L/D 

Jan-84 CEORD 

22 Dashields L/D Slope Stability Analysis for 
Proposed Access Road 

Nov-84 Pittsburgh International 
Engineering Inc. for CEORP 

23 Summary Report - Model Tests of Scour 
Protection for Dashields Dam 

Nov-84 WES for CEORP 

24 Dashields L/D - Major Rehabilitation 
Feature Design Memorandum 

Sep-85 CEORP 

25 Emsworth 3rd Periodic Inspection Report Jul-86 CEORP 

26 ORMSS- Probabilistic Risk Assessment of 
Dashields L/D 

Nov-87 Jack R. Benjamin & 
Associates, Inc. for WES 
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TABLE 1.1-A – List of Prior Studies and Reports (continued) 
 

Reference 
Number 

Document Title Date Produced by 

27 ORMSS- Probabilistic Risk Assessment of 
Emsworth L/D 

Nov-87 Jack R. Benjamin & 
Associates, Inc. for WES 

28 ORMSS- Probabilistic Risk Assessment of 
Montgomery L/D 

Feb-88 Jack R. Benjamin & 
Associates, Inc. for WES 

29 Dashields L/D - Failure of the Poiree 
Dam 

Mar-89 CEORP 

30 Montgomery L/D 4th Periodic Inspection 
Report 

Jun-89 CEORP 

31 Dashields L/D 4th Periodic Inspection 
Report 

Jul-91 CEORP 

32 Emsworth L/D 4th Periodic Inspection 
Report 

Jul-91 CEORP 

33 Montgomery L/D 5th Periodic Inspection 
Report 

Jun-94 CEORP 

34 
ORMSS General 2 for 3 Stability 
Investigations for Emsworth and 

Montgomery Dams 
1995 CELRP 

35 

Lock Closure Data Base for Louisville, 
Huntington & Pittsburgh  Districts    

(Final Report,  
     DACW69--93-D-0017,  W.O. 004) 

Apr-96 
Jack Faucett Associates, 

Bethesda, MD., 
 for  CELRH-NC 

36 Ohio River Mainstem  Systems Study, 
Project Study Plan (PSP) 

Jun-95 CELRD-wide team, edited:  
CELRL-PDF 

37 ORMSS Workshop Documentation, 
March 18-22 1996 

Jun-96 
INCA Engineers (Bellevue, 

WA) for 
CELRL-ED-DS 

38 Dashields L/D 5th Periodic Inspection 
Report 

Aug-96 CELRP 

39 Emsworth L/D 5th Periodic Inspection 
Report 

Aug-96 CELRP 

40 
Ohio R. Navigation System Report, 1996 
COMMERCE ON THE OHIO RIVER 

AND TRIBUTARIES 
1996 CELRH-NC 

41 
Stabilization Plan Report for Dashields 

L/D Guide Walls on Ohio River, 
Pennsylvania 

Jun-97 Tri-State Design and 
Development, Inc. for CELRP 

42 ORMSS - Prototype Alternatives - 600' 
Lock Extension 

Sep-97 INCA Engineers for CELRD 

43 
ORMSS Prototype Alternatives - 

Constructability and Cost Estimates ~ In-
Progress Submittal 

Dec-97 INCA Engineers for 
CELRL 

44 Safety of Emsworth L/D - 1997 Board of 
Investigation Report 

Dec-97 CELRP 

45 ORMSS - Field Inspection Report of all 
L/D Facilities on the Ohio River 

1996-1997 
CELRP-EDD: inspections by 
a core group of LRP / LRH / 

LRL engineers. 

46 ORMSS Design Report for Montgomery 
L&D, Ohio River 

Jan-98 
INCA Engineers (Belleville, 

WA) for 
CELRP-ED 

47 ORMSS Design Report for Emsworth 
L&D,   Ohio R 

Jan-98 
INCA Engineers (Belleville, 

WA) for 
CELRP-ED 
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TABLE 1.1-A – List of Prior Studies and Reports (continued) 
 

Reference 
Number 

Document Title Date Produced by 

48 ORMSS Design Report of Dashields 
L&D, Ohio River 

Jan-98 
INCA Engineers (Belleville, 

WA) for 
CELRP-ED 

49 ORMSS Design Presentation for the 600 
C-1 600-ft Lock Extension Alternative 

Mar-98 
INCA Engineers (Bellevue, 

WA) for 
CELRL-ED-DS 

50 
ORMSS Identification of Shoreside 

Facilities In Dashields and Montgomery 
Pools 

Mar-98 GRW Engineers, Inc. for 
CELRP 

51 
ORMSS - 100% Submittal Constructability 
and Cost Estimate (Analyses) for Prototype 

Alts. 
May-98 INCA Engineers (Belleville, 

WA) for CELRL-ED 

52 ORMSS - Design Report for Emsworth L/D 
"2 for 3" Plan 

Nov-98 
INCA Engineers (Belleville, 

WA) for 
CELRP-ED 

53 ORMSS - Design Report for Montgomery 
L/D "2 for 3" Plan 

Nov-98 INCA Engineers for 
CELRP 

54 Montgomery L/D 6th Periodic Inspection 
Report 

Jun-99 CELRP 

55 Final Report on Phase I Environmental Site 
Assessment, Emsworth New Gate Bay 

Nov-99 PADIA Environmental 

56 ORMSS - Emsworth, Dashields, and 
Montgomery L/D - Condition Report 

May-00 Dodson Stilson for CELRP 

57 
ORMSS - Emsworth, Dashields, and 

Montgomery L/D - Report of Concrete Lab 
Testing 

Jul-00 DLZ for CELRP 

58 
ORMSS - Ohio River Ecosystem Restoration 

Program - Integrated Decision Document 
and Environmental Assessment - DRAFT 

Aug-00 CELRL, CELRH, and CELRP 

59 
Expert Elicitation for Concrete Monoliths at 

Emsworth, Dashields, and Montgomery 
L/Ds 

Sep-00 CELRP 

60 ORMSS Condition Report of Emsworth, 
Dashields, and Montgomery L/D 

Jan-01 Dodson Stilson for CELRP 

61 Engineering Reliability Analysis -Emsworth 
Dam Vertical Lift Gates 

Feb-01 Tri-State Design and 
Development, Inc. for CELRP 

62 

ORMSS Reliability Analysis of Lock Wall 
Monoliths of Pittsburgh, Huntington, and 
Louisville Districts L/D - Vol 1 ~ Summary 

and Emsworth L/D 

Jun-01 CELRL, CELRH, and CELRP 

63 

ORMSS Reliability Analysis of Lock Wall 
Monoliths of Pittsburgh, Huntington, and 
Louisville Districts L/D - Vol 2 ~ Dashields 

L/D 

Jun-01 CELRL, CELRH, and CELRP 

64 Emsworth L/D Major Rehabilitation 
Evaluation Report 

Jul-01 CELRP 

65 Dashields L/D 6th Periodic Inspection 
Report 

Sep-01 CELRP 

66 Emsworth L/D 6th Periodic Inspection 
Report 

Sep-01 CELRP 

67 
Emsworth L/D - Main Channel and Back 
Channel Dams - Stilling Basin and Pier 

Reliability Analysis 
Oct-01 CELRP 
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TABLE 1.1-A – List of Prior Studies and Reports (continued) 
 

Reference 
Number 

Document Title Date Produced by 

68 Addendum to Emsworth L/D Major 
Rehabilitation Evaluation Report 

Dec-01 CELRP 

69 Reliability/Risk Assessment Analysis of 
Piers & Stilling Basins of Emsworth L/D 

Feb-02 Tri-State Design and 
Development, Inc. for CELRP 

70 
ORMSS EDM ~ Report on Replacement 
Lock Alternatives ("3 for 3" Plan: No 

Pool Changes) 
Feb-02 CELRP 

71 Emsworth Locks and Dams Lumped 
Model Procedure 

Jul-02 CELRP 

72 Montgomery L/D Inspection of 
Dewatered Chamber 

Jul-02 CELRP 

73 Dashields L/D ~ Inspection of Dewatered 
River Lock Chamber 

Sep-02 CELRP 

74 Montgomery L/D 7th Periodic Inspection 
Report 

Jun-04 CELRP 

75 
Design Documentation Report for Design 
of Emergency Bulkheads for Emsworth 

Dam 
Jun-05 DLZ for CELRP 

76 
Emsworth L/D Scour Protection Project - 

30% Design Submission - Design 
Alternatives Evaluation 

Jul-05 Gannett Fleming, Inc. for 
CELRP 

77 Emsworth L/D Apron Extension Project Jan-06 Gannett Fleming, Inc. for 
CELRP 

78 

ORMSS - System Investment 
Plan/Programmatic Environmental 
Impact Statement ~ Integrated Main 

Report 

May-06 CELRD 

79 Condition Assessment of Dashields and 
Montgomery Dams 

Jul-06 DLZ for CELRP 

80 Evaluation of Fatigue Cracking on Upper 
Ohio Lock Miter Gates 

Aug-06 ANATECH Corp. for CELRP 

81 Dashields L/D 7th Periodic Inspection 
Report 

Sep-06 CELRP 

82 Emsworth L/D 7th Periodic Inspection 
Report 

Sep-06 CELRP 

83 Condition Assessment and Investigation 
of Two Montgomery Dam Lift Gates 

Mar-07 DLZ for CELRP 

84 Dashields L/D Stability Computations Apr-07 CELRH 
85 Montgomery L/D Stability Computations Apr-07 CELRH 

86 
Structural Modeling and Analyses of 
Montgomery Dam Lift Gates - Final 

Submission 
Jun-07 DLZ for CELRP 

87 
Phase II HTRW Investigation -Sampling 

and Analysis Report - Main Channel 
Abutment Backfill 

Jun-07 FMSM Engineers for CELRH 

88 
Emsworth L/D Main Channel 

Rehabilitation Design, Plans, and 
Specifications 

Mar-08 Bergmann Associates for 
CELRP 

89 Dashields Dam and Abutment - 
Reliability and Risk Assessment Study 

Apr-08 
INCA Engineers (Belleville, 

WA) for 
CELRP-ED 

90 
Structural Modeling and Analysis of 

Emsworth Locks Filling and Emptying 
System 

Sep-08 
INCA Engineers (Belleville, 

WA) for 
CELRP 
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TABLE 1.1-A – List of Prior Studies and Reports (continued) 
 

Reference 
Number 

Document Title Date Produced by 

91 Reliability and Risk Assessment of Lock 
Miter Gates on Upper Ohio River 

Oct-08 ANATECH Corp. for CELRP 

92 
Structural Modeling and Analysis of 

Concrete Lock Walls: Emsworth, 
Dashields, Montgomery Locks 

Dec-08 ANATECH Corp. for CELRP 

93 Reconnaissance Survey of Commercial 
Disposal Sites for Excess Materials 

Jan-09 D'Appolonia for CELRP 

94 

Phase I HTRW Investigative Report - 
Back Channel Abutment Stabilization 
and Scour Protection Projects of the 

Emsworth L/D 

Feb-09 CELRH for CELRP 

95 Emsworth Lock and Dam Proposed New 
Chamber Layout 

May-09 
INCA Engineers (Belleville, 

WA) for 
CELRP 

96 

Memorandum for Record, Emsworth 
Locks and Dams, Ohio River, Inspection 

of Dewatered Land (110’ x 
600’) Lock Chamber 

Jul-09 CELRP 

97 Emsworth Lock and Dam Proposed New 
Chamber Layouts - Modification #1 

 Nov-2009 
INCA Engineers (Belleville, 

WA) for 
CELRP 

98 Emsworth Back Channel Service Bridge 
Plans and Specifications 

2009 Bergmann Assoc. for CELRP 

99 Emsworth Main Channel Abutment 
Stabilization Plans and Specifications 

2008 D'Appolonia for CELRP 

100 Emsworth Back Channel Abutment 
Stabilization Plans and Specifications 

2009 D'Appolonia for CELRP 

101 Emsworth Back Channel Scour 
Protection Plans and Specifications 

Ongoing CELRP 

102 Emsworth Main Channel Service Bridge 
Plans and Specifications 

Ongoing Bergmann Assoc. for CELRP 

103 Montgomery Potential Failure Modes 
Analysis, Final Report 

Ongoing Bergmann Associates and 
D’Appolonia for CELRP 

104 Phase I Environmental Site Assessment  
Potential Work Laydown Area 

Nov-2009 
Aerostar Environmental 

Services (Jacksonville, FL) 
for CELRP 

105 Phase II Environmental Site Assessments 
Report 

Jul-2013 CELRB 
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2. OHIO RIVER NAVIGATION SYSTEM - HISTORY 
AND STATUS OF IMPROVEMENTS 
 
2.1 HISTORY  

2.1.1 Early Settlers and Steamboat Era  
 

The first European explorers to visit the Ohio River Valley are believed to have 
arrived with De Soto’s expedition in 1540. The first pioneers consisted of trappers, fur traders, 
and soldiers. Canoes provided the most common mode of transportation on the rivers. Over 
time, the French came to dominate the area with fur trading as their primary economic 
interest. The increased presence of Euro-American colonial traders by the mid eighteenth 
century prompted the French to build forts on the Allegheny River in an attempt to reclaim 
the Ohio River Valley. In 1753, Virginia militiamen, led by Major George Washington, 
attempted to construct a fort where the Allegheny and Monongahela Rivers combine to form 
the Ohio River. The French drove them away and built Fort Duquesne instead. In 1758, 
British forces regained control of the area and replaced Fort Duquesne with Fort Pitt. With the 
establishment of Fort Pitt, the City of Pittsburgh evolved in the surrounding areas. Because of 
its strategic location at the head of the Ohio River, Pittsburgh became a major port of 
embarkation for settlers and commodities traveling west. Flatboats and barges carried the 
trade of the country downstream. Since flatboats and barges could only travel downstream, 
the lumber making up these vessels was frequently sold at destination. Keelboats provided the 
first means for travel both upstream and downstream on the river. They provided regular 
passenger and freight service between Pittsburgh, Cincinnati, and Louisville. It typically took 
one month to complete the round trip between Pittsburgh and Cincinnati. 

 
The steamboat era on the Ohio River began in 1811 when the New Orleans departed 

from Pittsburgh. Early steamboats had deep keels and were not suited for navigation on the 
shallow western rivers. The development of the first shallow draft steamboat in 1816 set a 
pattern for the river steamboats which followed. The presence of snags and sandbars, 
however, plagued navigation. Deadly snags could easily hole out and sink a steamboat 
without warning. Accidents and fatalities were commonplace. The success of the steamboat 
and its impact throughout the Ohio River Basin led to the first significant action by the 
Federal Government to improve navigation conditions. 

 

2.1.2 Improvements to Navigation 
 

When compared to overland routes, the Ohio River provided an easy mode of travel to 
the west. Travel on the river, however, had its fair share of hazards. In its original condition, 
the Ohio River was obstructed throughout its entire length by snags, rocks, and sand bars. 
Navigation was difficult and hazardous due to extreme variations in channel width and depth. 
During periods of low water, the depth could be as little as one foot over the worst shoals. 
This did not provide sufficient depth for vessels to safely navigate the river. 
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On 24 May 1824, the first Inland Waterways Improvement Act directed that 

experiments be conducted to determine the best method for dealing with the sandbars and 
snags that continued to obstruct navigation on the Ohio River. At this time, the primary 
function of the Army Engineers in the Ohio River Basin was to improve and develop 
waterway navigation for steamboat commerce. 

 
The development of the double-hulled snagboat by Captain Shreve greatly reduced the 

snag hazard. Snags were large and numerous with some weighing over one hundred tons. 
Removal of rock in the channel near Grand Chain (an area of rocky river-bottom near the 
existing L&D 53) commenced in 1830. The use of cutoff dams on back channels and wing 
dikes to concentrate flow in the main channel improved the navigable depth in most areas to a 
minimum channel depth of three feet. In 1825, the first wing dike was built at Henderson Bar. 
Dikes were constructed at Scuffletown and Sisters Islands in 1831 and at French and 
Cumberland Islands in 1832. Improvements upstream of Louisville were limited to snag 
removal until 1836 when the dams at Brown Island were built. The success of this project led 
to the construction of many wing dikes and back channel dams between Pittsburgh and 
Cincinnati. Improvements to navigation continued on a regular basis through 1844. Wavering 
political leadership and the Civil War essentially ended all work from 1845 to 1866. 

 

2.1.3 Canalization  
 

In 1835, Lieutenant George Dutton first expressed his view that the construction of 
locks and dams was necessary to provide adequate navigation conditions for year round use of 
the Ohio River. The idea was overlooked at first due to the magnitude of the engineering 
problems to be dealt with and objections of the river users who believed that dams would be a 
hindrance to navigation. This attitude began to change during the mid nineteenth century 
when one way flatboats used to transport coal to downstream destination points were 
gradually replaced by steamboats towing fleets of coal barges downriver and returning with 
the empty barges for reuse. It soon became apparent that a system of locks and dams was 
needed to accommodate the growing coal fleets. Major W. E. Merrill proposed construction 
of thirteen locks and movable dams between Pittsburgh and Wheeling in 1874. The proposed 
system was an essential part of the plan to provide a 6-foot navigable depth on the upper Ohio 
River. 

 
The concept of a movable dam was adopted to meet the needs of coalboat operators. 

The dam could be raised during low flows to maintain a harbor pool and lowered during high 
water to allow passage of the coalboat fleets without lockage. The movable wicket dam 
invented in 1852 by Chief Jacques Chanoine of the French Corps of Engineers was adapted to 
meet the needs of the Ohio River. The wickets consisted of a set of timbers that were bolted 
together. During high water they lay flat against a masonry foundation leaving an open 
channel for navigation. At low water, the wickets were raised on end to form a dam. 

 
The River and Harbor Act of 1875 provided funds for the construction of a movable 

dam 4.7 miles downstream of Pittsburgh at Davis Island. The original goal of the project was 
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to provide a pool at Pittsburgh for assembling of coalboats and formation of tows suitable for 
the downstream run when a “coalboat rise” occurred on the river. Work began in 1877 and the 
structure was opened to traffic on 7 October 1885. Since it was the first canalization project 
on the Ohio River, the Davis Island Dam became known as Dam 1. 

 
The Davis Island Dam was 1223 feet long with a chanoine wicket pass of 559 feet and 

three chanoine weir sections. The back channel of the Ohio River was closed with a non-
navigable stone-filled timber-crib dam. Because of ice conditions typically experienced on the 
Ohio River, the wickets in the navigable pass were raised and lowered with a maneuverboat. 
A service bridge was used to raise and lower the weir wickets. Damage to the bridge by 
barges and debris led to the use of a maneuverboat for raising and lowering all of the wickets. 
A drift gap was also added in 1889 to pass floating logs and other debris. Fortunately, the 
difficult task of raising and lowering the wickets occurred at infrequent intervals during very 
low or high water.  

 
The 110 foot wide by 600 foot long lock at Davis Island was designed to meet the 

needs of the coalboat fleets. These dimensions became standard for the initial canalization of 
the entire Ohio River. The lock chamber was closed via rolling gates mounted on wheels. A 
recess in the landward lock wall provided storage for the gates. 

 
A consecutive numbering scheme was used to denote the next four dams that were 

constructed downstream of Davis Island Dam (Dam 1). Appropriations for these projects were 
made by various “River and Harbor” acts starting in 1890. Dam 2 was located 9.0 miles 
downstream of Pittsburgh and was constructed between 1898 and 1906. Construction of Dam 
3, located 10.9 miles from Pittsburgh, occurred between 1899 and 1907. Dams 4, 5, and 6 
were built between 1892 and 1908 at miles 18.6, 24.1, and 29.3, respectively. 

 
The Board of Engineer officers designated by the River and Harbor Act of 1902 

recommended that the navigable depth in the upper Ohio River be increased from six to nine 
feet. Appropriations for modifications to Dams 2-6 came from the River and Harbor Act of 
1905. By 1906, a proposal for a nine foot navigation depth for the entire Ohio River was 
approved for implementation. The formal authorization for the nine foot depth was provided 
by the River and Harbor Act of 1910. The original plan called for a total of 54 locks and 
dams. The projects were divided among four Engineer Districts: Pittsburgh (Dams 1-10), 
Wheeling (Dams 11-28), Cincinnati (Dams 29-40), and Louisville (Dams 41-54). Of the fifty-
four dams originally envisioned, only fifty-one were included in the final plan -- modifying 
other projects eliminated dams 40, 42, and 54. Each dam had a navigable pass that could be 
navigated over during high water, and a single 110- by 600-foot lock chamber that could be 
used the remainder of the time. 

 
Upon completion of a reexamination study of the Ohio River in 1916, it was 

recommended that fixed dams replace the movable wicket dams. The Emsworth Locks and 
Dams at mile 6.2 replaced Dams 1 and 2. This was the first time that the concept of movable 
wicket dams was abandoned in favor of a non-navigable concrete dam. To avoid traffic delays 
caused by lock closure, two locks were built at the site. The main lock was 110- by 600-feet 
and the auxiliary lock was 56- by 360-feet. Upon its completion in 1921, the project provided 
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the first non-navigable dam and first dual locks on the Ohio River. In addition, the non-
navigable Dashields Locks and Dam was built as a replacement for Dam 3 at mile 13.3. The 
configuration of Dashields was similar to that of Emsworth. Initial canalization of the Ohio 
River was finally completed in 1929. Of the fifty lock and dam structures, all but two had a 
navigable pass. 

 

2.1.4 Intermediate Projects 
 

Following canalization of the Ohio River, several intermediate projects were 
constructed to enhance navigation conditions. These projects were built prior to the 
modernization era which began in 1953. 

 
The 56- by 360-foot auxiliary lock chamber at Locks and Dam 41 was completed in 

1930. The additional lock substantially increased the capacity of the project. The Emsworth 
Dams were reconstructed between 1935 and 1938 with gated crests. The upstream pool was 
raised by seven feet and two lock and dam structures were eliminated (Allegheny River Lock 
and Dam 1 and Monongahela River Lock and Dam 1). 

 
The storage of water in Tygart Lake, completed in 1938, provided sufficient flows for 

navigation on the upper Ohio River during dry periods. The project is also part of the 
comprehensive Ohio River flood control system and provides for water supply and pollution 
control. 

 
Two new navigation projects were also constructed during this period: Montgomery 

Locks and Dam in 1936, and Gallipolis Locks and Dam in 1937. Montgomery Locks and 
Dam, located at mile 31.7, replaced Dams 4, 5, and 6. With a lift of 17.5 feet, it was the first 
high lift project completed on the Ohio River. The project had two locks measuring 110- by 
600-feet and 56- by 360- feet. The Gallipolis Locks and Dam at mile 279.2 replaced three 
dams on the Ohio River and three on the Kanawha River. It was the most modern lock and 
dam project of its time. Both locks were 110 feet wide with lock lengths of 600 feet and 360 
feet. The original purpose of the Gallipolis project was to improve navigation conditions on 
the Kanawha River; however, it is operated as part of the Ohio River system. By replacing six 
existing locks and dams, the Gallipolis Locks and Dam reduced operation and maintenance 
costs. In addition, the movement of river traffic was expedited as a result of fewer lockages. 
After completion of the Gallipolis project, there were forty one movable wicket dams and five 
non-navigable dams on the Ohio River. 

 

2.1.5 Modernization 
 

River traffic on the Ohio River declined during the Great Depression but resumed its 
climb soon afterward. Traffic increased dramatically, and tow lengths of 1000 feet had come 
into widespread use. The 600-foot lock chambers became obsolete in the early 1950s and, in 
some cases, became an impediment to the navigation they were designed to enhance. It 
became evident that a smaller number of high-lift locks and dams with longer navigation 
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pools would be needed to improve the system. A full-scale modernization program began in 
1953. The program provided for the progressive replacement of low lift navigable structures 
with a smaller number of non-navigable structures with higher lifts. The nine foot navigation 
channel depth continued as the standard, but lock chamber sizes were increased to 
accommodate the larger tows. According to river users, a 110- by 1200-foot lock could 
accommodate the largest tows that could be efficiently operated on the Ohio River. The Corps 
adopted these dimensions for the main lock chambers at all new projects. In addition, a 110- 
by 600-foot auxiliary lock chamber was to be provided to improve dependability, flexibility, 
and capacity. 

 
Construction priority for the new projects was based on the traffic demands of the 

time. The first modernization project, New Cumberland Locks and Dam, was completed in 
1959. Structures at Greenup, Meldahl, and Markland soon followed. By 1979, a total of 
thirteen new high-lift structures had been built to replace thirty-nine low-lift locks and dams. 
The new projects had lifts from 16 to 35 feet and pools with an average length of 59 miles. 
This was a significant improvement over the old structures which had lifts of 5.6 to 11 feet 
and pool lengths less than 20 miles. All of the new projects had a 110- by 1200-foot main lock 
chamber and a 110- by 600-foot auxiliary lock chamber. The only exception is Smithland 
Locks and Dam, which had twin 110- by 1200-foot lock chambers. In addition to the new 
construction, a 1200-foot lock was built at McAlpine in 1967 to meet the demands of 
increased traffic. The existing locks at Gallipolis Locks and Dam (renamed R. C. Byrd Locks 
and Dam) were replaced with a 110- by 1200-foot main lock and a 110- by 600-foot auxiliary 
lock in 1993. An additional 1200-foot lock chamber is now under construction at McAlpine to 
replace the inadequate 600-foot auxiliary lock. Only two of the original locks and dams (52 
and 53) remain today. They are scheduled to be retired when the last replacement project of 
the modernization program, Olmsted Locks and Dam, comes on line in 2008. The Olmsted 
project will have twin 110- by 1200-foot lock chambers. The dam will also incorporate 
movable steel wickets that will allow free movement of traffic during periods of moderate to 
high flows. 
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3. OHIO RIVER HYDRAULICS AND HYDROLOGY 
 

The Ohio River flows through three districts (Pittsburgh, Huntington and Louisville) 
of the Great Lakes and Ohio River Division. There exists in the three district offices much 
hydrology information that is useful to the Ohio River Mainstem Systems Study (ORMSS). 
The data are collected and retained in different formats depending on the capabilities of the 
satellite, number of Data Collection Platforms, computer systems, etc. Also the length of 
record, time intervals of the data, and presentation will vary from district to district. The 
prominence of the internet has made hydrologic information readily available to other Corps 
of Engineers districts, federal and state agencies, architect-engineers, and the general public. 
The information, tables and plates presented in the following paragraphs highlight types of 
available data. Except for a table of the lake projects in the Ohio River Basin, only samples of 
available data will be presented in this part of the ORMSS report. The lakes in each district 
will show only the drainage area and the year its operation began because they are two of the 
main pieces of information needed to evaluate how a historical flood profile would be 
affected by existing conditions.  
 
 
3.1 BASIN CHARACTERISTICS 
 

The Ohio River is unique in that the stream mileage is measured from its headwater 
location in Pittsburgh, where the Allegheny and the Monongahela Rivers meet to form the 
Ohio River downstream approximately 981 miles until it empties into the Mississippi River 
near Cairo, IL. The total drainage area of the Ohio River Basin is 203,943 square miles.  

 
The Pittsburgh District, known as the Headwaters District is comprised of the Ohio 

River drainage basin above New Martinsville, WV. The downstream limit of the Pittsburgh 
District is at river mile 127.2. The District covers an area of approximately 26,000 square 
miles, including portions of Pennsylvania, West Virginia, Ohio, New York and Maryland. 
Major river systems within the District include the upper Ohio, the Allegheny, the 
Monongahela and the Beaver Rivers. The District manages 17 flood control and multipurpose 
reservoirs with a combined capacity of over 3 million acre-feet and 23 navigation locks and 
dams on 330 miles of navigable waterways. Six of the locks and dams are on the Ohio River.  

 
The Huntington District lies downstream on the Ohio River from the Pittsburgh 

District and the reach stretches from stream mile 127.2 to 438.0. The Louisville District has 
the longest reach of the Ohio River from mile 438.0 at the Huntington District line to its 
mouth (mile 981.0) at the Mississippi River. 

 

3.1.1 General Topography 
 

The topography of the Ohio River Valley varies greatly from its origin in Pittsburgh, 
PA where the Allegheny and Monongahela Rivers meet to form the headwaters of the Ohio 
River to its mouth at the Mississippi River. The main stem of the Ohio River flows in a 
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general southwesterly direction, falling 429 feet in its 981-mile course from Pittsburgh to 
Cairo. The floodplain is rather narrow, owing largely to the river’s creation at the southern 
edge of Ice Age glacial action.  

 
In the Pittsburgh District, the valley floor averages about 0.8 miles in width and the 

natural gradient of the streambed is about 1.0 feet per mile. Present stream banks generally 
average 20 to 25 feet in height except in the Emsworth pool where they average 10-15 feet 
high. Several islands are found in the Ohio River and the highly industrialized Neville Island 
is located in the Emsworth and Dashields pools.  

 
The floodplain width averages more than a mile between Cincinnati and Louisville. At 

Louisville, the Ohio River floodplain widens to approximately four miles and then contracts 
to a mile below the Salt River. However, a floodwall around Jefferson County and the city of 
Louisville in Kentucky along with New Albany and Jeffersonville, Indiana floodwalls, limits 
the width to about a mile. Near the mouth, the Ohio River floodplain again widens to about 
six to eight miles. Elevations vary from 100 to 600 feet below the plateaus surrounding the 
valley. The only falls are at Louisville, where a 26-feet difference in water surface between 
the upper and lower pools existed prior to canalization. Numerous islands have been formed 
in the river over the centuries. Large bends or oxbows in the river give the stream a 
picturesque look. However in some areas like the Kentucky Peninsula across the stream from 
Evansville, Indiana, floodwaters have caused erosion problems and threaten to cut through the 
oxbow from the continuous flooding of the land. 
 

3.1.2 Major Tributaries  
 

Tributaries in the Ohio River Basin vary from very steep mountain streams with 
cascades and rapids to sluggish, meandering, marsh-like areas. Slopes of major tributaries 
vary from more than 100 feet per mile in the headwaters to less than two-tenths of a foot per 
mile in the flat areas near the main stem. In general, the streams are considerably steeper in 
the headwaters, becoming relatively flat near the mouth. Post-glacial changes in stream 
patterns, local layers of hard rock and distribution of tributaries may cause local modifications 
in profiles.  
 

Table 3.1-A, titled "Ohio River & Tributaries Drainage Areas", has been developed 
which shows the river mile and total drainage area at major communities, former dam 
locations, and at the present locks and dams. Also provided are the river miles of major 
tributaries, which shows the contributing drainage area to the Ohio River at that point. As 
shown in Table 3.1-A, the Pittsburgh District has information on the lengths and average 
slopes of the main tributaries. 
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TABLE 3.1-A – Ohio River and Tributaries – Drainage Areas 
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TABLE 3.1-A – Ohio River and Tributaries – Drainage Areas (Continued) 
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TABLE 3.1-A – Ohio River and Tributaries – Drainage Areas (Continued) 

 
 
 
3.2 HYDROLOGY (FLOODS, FREQUENCIES, AND PROFILES) 
 

3.2.1 Upstream Reservoir and Flood Protection Projects 
 

The January 1937 basin-wide flood and the increase in industry tow traffic made a 
major impact on the water facilities in the three districts. Although a few flood control and 
multipurpose lakes were completed or were under construction in 1937, many more dams and 
lakes were built after this flood so that at present there are 72 lake projects. This does not 
include projects in the Nashville District, which affect the Ohio River below the Cumberland 
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and Tennessee Rivers. These rivers enter in the lower reach of the Ohio River. A list of 
reservoirs with their drainage areas and approximate date of completion are shown on Table 
3.2.-A. 
 

There are no Corps of Engineers local flood protection projects consisting of 
floodwalls, levees or dikes along the main stem Ohio River in the Pittsburgh District. 
However, there are numerous local protection projects in the Huntington and Louisville 
Districts. These local protection projects will not be affected by expanded and added lock 
projects since pool levels would not be changed. 

 

TABLE 3.2-A - Lake Projects In the Ohio River  
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TABLE 3.2-A - Lake Projects In the Ohio River (continued) 
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TABLE 3.2-A - Lake Projects In the Ohio River (continued) 

 

3.2.2 Stream Gaging Stations and Records 
 

The records of flooding in the Pittsburgh area were obtained at Fort Duquesne at the 
junction of the Allegheny and Monongahela Rivers as early as 1765. Later, when navigation 
became a more dominant factor in colonial activity, gages were established on the 
Monongahela River wharf and records are found from this source. 
 

The collection of systematic hydrologic records on the Ohio River dates back to the 
flood heights recorded at Pittsburgh in 1806. At first, only significant hydrologic events were 
recorded. These events usually consisted of floods of unusual magnitude, extent or duration. It 
was not until 1855, when the U.S. Army Signal Corps made regular daily observations, later 
replaced by the U.S. Weather Bureau in 1878, that continuous records became available. 
However, continuous record collection on the Ohio River began at Pittsburgh in 1847, 
Cincinnati in 1858, and Louisville in 1866. Each district maintains a database of hydrologic 
information for their respective reach. Continuous hydrologic records are kept at locks and 
dams on the Ohio River. In addition, many communities and flood control projects have gages 
that provide a continuous record. Records of stage are most readily available with stream flow 
records being less common.  
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Corps of Engineers (COE) Pittsburgh District staff gages are located on the upper and 
lower lock walls at Emsworth, Dashields, Montgomery, New Cumberland, Pike Island and 
Hannibal Locks and Dams. Auxiliary staff gages are installed above the lock walls to measure 
high water events. Staff gage measurements are taken by lock personnel and have been 
recorded since the time of construction in three-hour increments and hourly during high water 
events. Each dam has a critical river height at which these hourly readings are recorded and 
this procedure continues until the river recedes below this stage.  

 
Digital automatic stage records are available for the Ohio River at Pittsburgh’s “Point” 

gage, the upper and lower pools at Emsworth Locks and Dam, New Cumberland Locks and 
Dam, Pike Island Locks and Dam and Hannibal Locks and Dam. The measurement equipment 
includes various equipment and and remote transmitters. The digital readouts are located 
within the projects for the purpose of continuous monitoring.  

 
Data Collection Platform (DCP) gages are located on the Ohio River at Emsworth 

Locks and Dams, East Liverpool, New Cumberland Locks and Dam, Pike Island Locks and 
Dam, Wheeling, Dilles Bottom, and Hannibal Locks and Dam. The stage readings are 
automatically recorded and transmitted to the Pittsburgh District’s data storage system using 
satellite telemetry. They have been in operation since the early 1980’s. 

 
River stage readings have been recorded at the USGS gaging station, Ohio River at 

Sewickley, Pennsylvania since October 1933. Currently, an automatic continuous recording 
DCP gage with satellite telemetry is located on the upstream side of Dashields Locks and 
Dam. This station has a fixed-crest dam control, which merits it with a good stage-discharge 
relationship. 
 

TABLE 3.2-B - Pittsburgh District Historic Minimum and Maximum Flow Rates 

At Various Gaging Stations (Flow in cfs) 

 
 

Over the years flow measurements have been made to develop rating curves at gage 
locations to show the relationship between stage and flow. The stage data that is obtained 
provides instantaneous information and together with highwater marks form the basis of the 
historical flood profiles. 
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3.2.3 Historical and Recorded Floods 
 

Storm patterns and the length of the Ohio River can produce record floods occurring 
in one district with little or no flooding in the other districts. The exception is the January 
1937 flood, which was the modern day major flood in the basin.  
 

In the Pittsburgh District, the highest known floods prior to the construction of flood 
control projects occurred March 15, 1907 with a peak of 732.7 feet above National Geodetic 
Vertical Datum (NGVD), January 9, 1763 with a peak of 735.1 (NGVD) and March 18, 1936 
with a peak of 740.2 feet above NGVD at the Pittsburgh “Point”. Since the 1936 flood, twelve 
flood control reservoirs have been built in the Allegheny and Monongahela River basins 
which provide flood protection on the Ohio River from Pittsburgh on downstream. In 
addition, four reservoirs in the Beaver River basin (built 1943-1967) effect reductions in flood 
stages in the Montgomery pool and downstream. 
 

The March 1936 Flood occurred prior to the construction of any Corps of Engineers’ 
flood control dams. The base flow for the Ohio River on March 9 was 50,100 cfs. Water 
content of the snow in the district was 2” to more than 4” in the mountains. Melting snow and 
about 0.65 inches of precipitation caused a rise on the 12th-13th at which time the “Point” 
gage reached 25.8 feet and was above flood stage for 21 hours. Essentially all snow was 
melted at this time. Although the flow receded to 99,300 cfs on the 16th, anywhere from 2.5” 
to 5” of rain fell on the 16th and 17th, with the heaviest in the Lower Allegheny basin. This 
sent the Ohio River at Pittsburgh to a crest of 46 feet (740.2 feet above NGVD and 557,000 
cfs), the river remained above flood stage for 84 hours. It would have been reduced by 10.7 
feet with the present reservoir system. A third rise occurred on the 25th-26th during which the 
river was above flood stage for 32 hours, cresting at 30.6 feet. Total runoff for the month of 
March 1936 was 8.74 inches at Pittsburgh. 
 

The June 23, 1972 Flood, a result of Tropical Storm Agnes, produced the highest stage 
at the Pittsburgh “Point” using the current reservoir system. The Ohio River flow on June 
20th was 23,700 cfs at the "Point". From the 20th through the 26th, the Allegheny Basin 
received from 4” to 12” of rainfall and the Monongahela Basin from less than 3” to over 12”. 
The Ohio River crested at Pittsburgh at 35.85 feet (730.0 feet above NGVD and 380,000 cfs), 
remaining above flood stage for 86 hours. It would have been 12.1 feet higher without the 
current reservoir system. The runoff during the flood at Pittsburgh was 4.65 inches for the 
period June 21 to July 15, 1972.  
 

Table 3.2-C presents peak water surface elevations for historic high water events, 
including the March 1936 and June 1972 floods at the Pittsburgh “Point” and Wheeling, WV. 
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TABLE 3.2-C Historical Peak Elevation Events on the Ohio River in the 
Pittsburgh District 

 

 
 

 

3.2.4 Stage and/or Discharge Frequency Relationships 
 

In Pittsburgh District studies, the natural discharge frequency flows were developed 
using 118 years of record (1855-1972) for the Ohio River at Pittsburgh. Floods that occurred 
during and after the construction of the current reservoir system were adjusted to reflect 
natural peak discharges that would have occurred without the flood reduction dams. The 
natural frequency thus obtained was subsequently adjusted for the reduction of the current 
reservoir system as applicable to produce a reduced discharge frequency. At Montgomery, 
New Cumberland, Pike Island and Hannibal Locks and Dams, records kept since the dams 
began operating were used in the frequency determination. These records were based on long 
term estimates from the existing Dashields Locks and Dam and Lock and Dam 12 which was 
removed 1975. The Ohio River 10-year through 500-year frequencies were adjusted in 
agreement with Corps of Engineers Ohio River Division in 1976. Table 3.2.D presents stage 
and flow frequency values at the locks and dams. Plates presenting stage frequency curves at 
the locks and dams are available in the Pittsburgh District.  Stage/duration relationship curves 
for the existing projects are shown in Attachment 7.   
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TABLE 3.2-D Stage and Flow Frequency Values on the Ohio River at Pittsburgh 
District's Locks and Dams 

 
Recurrance Emsworth Dashields 

Interval Flow UG LG Flow UG LG 
              

10 282,000 716.2 713.2 282,000 707.9 705.2 
50 362,000 720.4 718.2 362,000 712.3 711.1 
100 394,000 722.0 720.3 394,000 714.0 713.1 
500 480,000 726.7 725.4 480,000 718.1 718.6 

       
Recurrance Montgomery New Cumberland 

Interval Flow UG LG Flow UG LG 
              

10 314,000 691.3 690.0 299,000 677.2 671.3 
50 392,000 696.6 695.6 375,000 677.7 676.8 
100 424,000 698.6 697.6 411,000 680.1 679.2 
500 502,000 703.6 702.5 485,000 684.85 683.9 

       
Recurrance Pike Island Hannibal 

Interval Flow UG LG Flow UG LG 
              

10 300,000 654.0 652.8 283,000 629.0 628 
50 375,000 660.1 659.3 360,000 635.0 634.2 
100 406,000 662.5 661.8 398,000 637.7 637 
500 470,000 666.9 666.4 440,000 640.5 639.9 

       
 Note:  UG = Upper Gage,  LG = Lower Gage  

 
 

The Ohio River flow frequencies for less than the 10-year flood in the Pittsburgh 
District, were developed for the period 1966 to 1997, which is after the construction of the 
Allegheny Reservoir and Kinzua Dam project. The Ohio River at Dashields flow records were 
used to compute the actual and reduced discharge frequency. The Ohio River frequencies 
were related to the Dashields frequency using the same proportions that the 1976 frequencies 
were related to Pittsburgh frequency. From the stage and stream flow data, stage-discharge 
relationships have been developed for all of the existing navigation dams and at other points 
on this reach of the river. 
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3.2.5 Ordinary High Water 
 

Ordinary High Water (OHW) is a line on the bank of a river or other body of water 
that marks the boundary of those lands subject to navigational servitude. The public has the 
right to navigate freely over lands subject to navigational servitude. Also, physical facilities 
intended to support navigation may be placed and maintained on such lands. 
 

The line of ordinary high water, as applied to rivers that separates what properly 
belongs to the riverbed from that which belongs to the owner of adjacent land is determined 
by normal conditions, not by reference to unusual floods. Ordinary high water is the point on 
the bank where the waters are so continuous as to leave a distinct mark either by erosion, 
destruction or terrestrial vegetation, or other easily recognized characteristics. The most 
common method of identifying OHW marks is to find that elevation on the bank below which 
terrestrial (dry land) vegetation does not exist. Other indicators are: (1) absence of 
commercial agriculture, (2) drift or debris lines, (3) changes in soil characteristics, (4) 
benching and shelving of the bank, (5) absence of all vegetation, and (6) absence of 
commercial human activity. 
 

The ordinary highwater elevation not only has an effect on the adjacent environment 
but also is critical on the Ohio River with relation to water supply inlets, storm and sanitary 
sewer outlets, permanent and floating docks, and adjacent industrial, residential and 
recreational facilities.  
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4. PROJECT LOCATIONS AND GENERAL 
INFORMATION 
 
4.1 NAVIGATION STUDY AREA 
 

Emsworth, Dashields, and Montgomery Locks and Dams (EDM) are located in the 
uppermost extent of the Ohio River and form part of the Ohio River System (ORS).  In 
addition to the Ohio River mainstem, the ORS also includes the navigable tributaries 
Allegheny, Monongahela, Youghiogheny, Kanawha, Big Sandy, Kentucky, Green, Tennessee 
and Cumberland Rivers.  The location of EDM in relation to the ORS and the other locks and 
dams in the ORS are shown in Figure 4.1-A.  The average age of the six locks chambers at 
EDM (80 years) is considerably older than the average age of all other Ohio River locks (38 
years, excluding the locks at Locks and Dams 52 and 53, which are currently being replaced 
by the new Olmsted Locks and Dam). 
 

 
FIGURE 4.1-A - Plan and Profile View of the Ohio River Navigation Projects 

 
The Upper Ohio facilities are located in southwest Pennsylvania near the City of 

Pittsburgh as shown on Figure 4.1-B. 
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FIGURE 4.1-B - Upper Ohio River Projects Location 
 
The three projects lie within close proximity to one another with the uppermost and 

lowermost separated by only 25.5 miles as shown in Table 4.1-A Two of the projects are in 
Allegheny County, which contains the City of Pittsburgh, and one is in Beaver County, which 
is adjacent to Allegheny County. 

 
Table 4.1-A presents general specifications for the facilities at EDM.  The dam at 

Emsworth was reconstructed from a fixed crest dam into a gated dam in 1938.  The 110’ x 
600’ long main chambers at EDM are one-half the length of the main chambers at all other 17 
Ohio River facilities.  The 56’ x 360’ long auxiliary chambers are less than one-fourth the size 
of the typical 110’x 600’ Ohio River auxiliary chamber.   
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TABLE 4.1-A - Upper Ohio Lock Specifications 

RiverMile
(downstream of 

Pittsburgh) Main Aux. Dam Main Aux. Dam Main Aux.

Emsworth 6.2 1921 1921 1922 1984 1984 1984 600x110 360x56

Dashields 13.3 1929 1929 1929 1990 1990 1990 600x110 360x56

Montgomery 31.7 1936 1936 1936 1989 1989 1989 600x110 360x56

Project Name
Year Operational Year Rehabilitated Chamber SizesLock & Dam

 
 
 
The banks of the Ohio River in the vicinity of the Emsworth, Dashields and 

Montgomery Locks and Dams are highly industrialized and support numerous functions 
including navigation, water supply and recreation.  There are dozens of facilities along the 
banks comprising terminals and fleeting areas to accommodate commercial navigation, docks, 
boat ramps and marinas for recreation boating, water intake structures for industry, outfalls 
from industrial complexes, sewage treatment plants and major drainages that serve numerous 
communities in the Upper Ohio River area.  Structures within the river include bridges and 
submerged (underwater) utility crossings.  Table 4.1-B summarizes the number of each type 
of facility by pool. 
 

TABLE 4.1-B– Number of Facilities Along and In Upper Ohio Pools 

POOL 

Com./Gov’t 
Terminals/
Fleeting 

Private 
Docks 

Fish 
Access/ 
Marinas/
Parks 

Water 
Intakes/ 
Wells 

Sub 
Crossings Bridges Outfalls 

Emsworth 29  39 16  27  
Dashields 36 36 6 11 10 3 4 
Montgomery 56 28 16 14 29 7 7 

 
 
4.2 PROJECT DESCRIPTIONS 
 

4.2.1 Emsworth Locks and Dams 
 

Emsworth Locks and Dams (L&D) was authorized by the Secretary of the Army on 18 
July 1918 under the authority of Section 6 of the River and Harbor Act approved 3 March 
1909, as replacement for Ohio River Locks and Dams No. 1 (Davis Island Lock and Dam), 
built 1877-1885 and Lock and Dam 2, built 1898-1906. The project was constructed from 
1919-1922, and placed in operation in September 1921. 

 
The Emsworth Locks and Dams project consists of a two gated dams and dual locks 

situated in Allegheny County, Pennsylvania. The original Emsworth Locks and Dams project 
consisted of a main channel, fixed-crest dam (river mile 6.2), the same existing dual locks, 
and a back-channel, fixed-crest dam (river mile 6.9).  The dams are separated by Neville 
Island.  The dams and locks were constructed from 1919 to 1922 to replace the Davis Island 
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Lock and Dam (aka Lock and Dam 1, river mile 5.6 (approx)) built in 1885.  Emsworth’s 
original fixed-crest dams were later replaced in 1938 with new gated structures.  The old 
existing fixed crest dams were incorporated into the new structures as the apron/stilling basin.  
Construction of the new gated dams raised the upstream pool by seven feet changing the pool 
level from elevation 693 to elevation 710, and provided a deeper, more stable pool at 
Pittsburgh.  This pool change permitted the removal of Locks and Dam Nos. 1 on both the 
Allegheny and Monongahela rivers.  The vertical-lift between the lower pool at elevation 
692.0 and upper pool elevation 710.0 is 18 feet.  Table 4.2-A provides a summary of pertinent 
data for this facility.    

 
The pool extends from the Emsworth Dam to the Braddock L&D, located at river mile 

11.2 on the Monongahela River, and to L&D 2, located on the Allegheny River. The length of 
the Emsworth pool is 17.4 river miles (Monongahela River side), and 12.9 river miles 
(Allegheny River side). 

 
The overall length of the main channel dam, from the river-face of the River Wall to 

the river-face of the abutment wall is 967.42 feet, including a 34.42 feet weir with a crest at 
elevation 709.01, adjacent to the River Wall.  The back channel dam has an overall length of 
750 feet from the river-face of the abutment wall on Neville Island to the river-face of the 
abutment wall on left bank of the Ohio River back channel.  The navigation pool of elevation 
710.0 is controlled by 8 gated sections in the main channel and 6 in the back channel, each 
100’ long with a damming height of 12 feet above the sill at elevation 698.0.  The vertical lift 
between the lower pool, at elevation 692.0, and the upper pool, elevation at 710.0, is 18’.  All 
of the original dam gates and the scour protection downstream of both dams are currently 
being replaced as part of the on-going major rehabilitation project.  

 
The Emsworth Locks are dual, adjacent, parallel chambers located on the right bank of 

the river’s main channel at river mile 6.2.  The main chamber occupies the landward position 
and has clear dimensions of 110’ x 600’ long, and the auxiliary chamber, in the riverward 
position, has clear dimensions of 56’ x 360’.  The upper guide wall was extended 
approximately 500 feet when the new gated dam was constructed in 1938.  Also, the upper 
and lower guard walls were extended and are each a series of individual sheet-pile cells 
constructed when the gated dam was constructed.  

 
An aerial photograph of the existing locks and dams along with pertinent data is 

shown in Figure 4.2-A, with a plan, elevation representative shown in Figure 4.2-D. 
 

                                                 
1 Elevation above Mean Sea Level (typical) as surveyed in NGVD 29 vertical datum. 
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FIGURE 4.2-A - Emsworth Locks and Dams, Ohio River Mile 6.2 

LOCKS: Two parallel locks, main lock 110' by 600', auxiliary lock 56’ by 360'. 
DAMS: Non-navigable, gated dams on main + back channels.  Main Channel Dam (river mile 6.2) comprised of 8 

vertical-lift gates, each 100’ in length, with one fixed weir with 34’ open crest.  Top length of dam is 967’.  Back Channel 
Dam (river mile 6.8) composed of 6 vertical-lift gates, each 100’ in length.  Top length of dam is 750’.  Lift is 18.0’.  

Operation Commenced:  1921.  Gated Dams constructed 1938. 
 
The main lock walls are of the gravity type founded on rock including the approach 

guide and guard walls.  The lock walls are anchored to rock using passive (unstressed) rock 
anchors and active (stressed) rock anchors.  All of the approach walls are solid structures 
except the upstream guard wall which has ports.  Each miter gate sill a concrete gravity 
structure using anchoring rods founded and keyed into the rock.  Pipe galleries and 
filling/emptying culverts do not exist in the land, middle or river wall.  An abandoned 
penstock tunnel used to generate electrical power and later as a supplemental main chamber 
filling system located within the land wall has been abandoned.  The upper guard wall 
extension consists of a series of three individual circular steel sheet pile cells filled with 
granular materials and capped with concrete. The lower guard wall extension consists of a 
series of seven individual circular sheet pile cells filled with granular material and capped 
with concrete.   

 
Closures for dewatering the lock chambers consist of a poiree dam (downstream main 

and auxiliary chambers), a boule dam (upstream main chamber) and a needle dam (upstream 
auxiliary chamber).  Neither system is considered an emergency closure and cannot be 
installed or deployed under flow.  The closure structures are located immediately upstream 
and downstream of the miter gate positions. 

 
Lock gates are of the mitering type and are composed of horizontally framed 

structures in the small 56-foot auxiliary chamber and vertically framed structures in the main 
110-foot lock chamber.  Each leaf of the miter gates are operated with hydraulic operating 
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machinery traditionally used for Ohio River locks, and is composed of a cylinder, sector gear, 
sector arm and strut.  A system of interconnected hydraulic piping provides a pressurized 
system to the eight (8) gate operating cylinders.  A single triplex type service pump and 
identical standby pump distribute hydraulic fluid throughout the system.     

 
Lock chambers are filled by a series of multiple direct filling ports and emptied by a 

series of multiple direct emptying ports feeding a common culvert with circular valves 
approximately 6 feet in diameter.  The main chamber filling and emptying valves are multiple 
circular butterfly valves located within the middle wall only.  Chamber filling and emptying 
provisions are not provided within the land wall.  A penstock exists within the land wall, and 
was used until 1950's for power generation at the lock, then discontinued.  In 1984 
modifications were made in order to use this penstock as a supplemental filling system, but 
were discontinued in 1986 because it did not perform as intended and with the efficiency 
desired.  The bulkhead was set in the upstream penstock intake and left in place.   

 
The sixteen main chamber filling valves are located in the upper half of the lock 

chamber and the emptying valves located in the lower half of the chamber.  The filling valves 
are oriented perpendicular to the wall and are located close to the riverward face of the wall 
on individual ports which draw water from the upper approach of the auxiliary chamber into 
the main chamber.  Only fourteen filling valves currently are in operation.  One valve was 
permanently eliminated during the 1985 chamber rehabilitation because a floating mooring 
bitt was added to the middle wall in this region.  One valve is currently not operable.  The 
sixteen emptying valves are oriented perpendicular to the middle wall and are located close 
the landward face of the wall on individual ports that feed a 14-foot diameter emptying 
system round culvert located in the middle wall which then channels the emptying water 
through cross culverts under the auxiliary chamber and discharges into the river downstream 
of the dam.  Only fifteen empting valves are in current operation.   

 
Filling and emptying of the auxiliary chamber occurs from the river wall with the 

filling valves located in the upper half of the lock chamber and the emptying valves located in 
the lower half of the chamber, with the exact same size as the main chamber.  The six filling 
valves are oriented perpendicular to the wall and are located close to the landward face on 
individual ports which draw water from the river upstream of the dam into the chamber.  The 
six emptying valves are oriented perpendicular to the wall and are located close the landward 
face on individual ports which discharges into the river downstream of the dam.  With 
decrease efficiency the chambers can be filled and emptied with a partial number of valves in 
operation. 

 
Emsworth’s original fixed-crest dams were later replaced in 1938 with new gated 

structures for the main and back channels dams.  The main channel dam is constructed of 
concrete structures comprising major components of the dam include nine gate piers, eight 
gate sills, the apron slab (modified original dam section), one fixed crest weir that flank the 
gated portion of the dam at the river wall, an abutment, and an emergency bulkhead storage 
pit.  The back channel dam is constructed of concrete structures comprising major 
components of the dam include eight gate piers, six gate sills, the apron slab (modified 
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original dam section), two abutment sections, and an emergency bulkhead storage pit on the 
right bank.   

 
All piers (except one) and gate sills are founded on steel bearing piles.  One pier and 

the fixed crest weir are founded into the underlying bedrock.  The apron slab downstream of 
the dam sills in founded onto wood cribbing and wood bearing piles.  Immediately 
downstream of the gate sill is the dam’s stilling basin or “apron” modified from the existing 
fixed crest dam.  The apron is a 5-foot thick un-reinforced concrete slab, and extends across 
the entire downstream length of the dam.  A sheet pile cutoff wall was driven to rock along 
the upstream edge of the apron and encased in the concrete at the top.  No downstream sheet 
pile cutoff exists in the apron.  Ongoing dam rehabilitation is replacing the vertical lift dam 
gates, gate operators and downstream scour protection.   

 
A structural steel service bridge spans from the operations building on the river lock 

wall to the bulkhead storage pit located in the vicinity of the left dam abutment area.  The 
main channel dam bridge is approximately 960 feet long and consists of eight spans.  A 
smaller footbridge connects the dam’s service bridge to the locks, between the river wall 
building and Pier 1.  The back channel dam bridge is approximately 750 feet long and consists 
of six spans.  The dam service bridges are comprised of two steel girders joined together with 
several cross frame trusses with a concrete deck on the top surface.  The service bridge carries 
a 30 ton capacity crane while underneath the bridge, supported by a steel monorail, an electric 
hoist crane is provided for handling and setting the dam’s bulkhead units.  

 
Closures of the dam bays for maintenance of lift gates and emergency purposes are 

provided by a bulkhead system.  The bulkhead consists of two long rectangular structural 
units, each 11’-7¾” deep by 102’-3½” long (center of rollers) and 6’-6” high.  When in their 
lowered position resting on the crest (El. 698.0), the two units form a closure to elevation 
711.0, which is 1-foot above the normal upstream pool (El. 710.0).  The bulkhead units are 
manufactured of aluminum plates and structural shapes with bolted construction.  An 
aluminum skin plate is provided on the downstream side of the units and all units are provided 
with compressible rubber seals.  When not in use the units are storage in a concrete pit located 
in the vicinity of the left dam abutment for the main channel dam and right dam abutment for 
the back channel dam.  When the bulkhead units are to be used, they are raised, transported 
and lowered into position one unit at a time.  Each unit is raised from the storage pit, 
transported and lowered into position with an electric hoist crane and lift beam that travel 
along a rail attached to a runway girder that is supported between the bottom chords of the 
service bridge trusses.  The bulkhead units are designed for placement in flowing conditions 
and can be used for emergency closure of a dam bay.   

 

4.2.2 Dashields Locks and Dam 
 

Dashields Locks and Dam (L&D) was authorized by the Secretary of the Army on 18 
July 1918 under the authority of Section 6 of the River and Harbor Act approved 3 March 
1909. The project was constructed from 1927-1929, and placed in operation in August 1929. 
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The Dashields Locks and Dam project consists of an uncontrolled overflow fixed-crest 
dam and dual locks situated in Allegheny County, Pennsylvania.  It was built in 1927 to 1929 
to replace the original Lock and Dam Nos. 2 and 3, in Glenfield and Osborne, Pennsylvania, 
respectively.  The overall length of the existing fixed crest dam is 1,585 feet from the river 
face of the river wall to the river face of the abutment wall on the right bank and the crest 
elevation is 692.0.  The vertical-lift between the lower pool (elevation 682.0) and upper pool 
(elevation 692.0) is 10 feet.  Table 4.2-B provides a summary of pertinent data for this 
facility.    

 
The Dashields Locks are dual adjacent parallel chambers located on the left bank of 

the river at river mile 13.3.  It is 7.1 miles downstream of Emsworth L&D.  The main lock 
chamber occupies the landward position with clear dimensions of 110’ x 600’ in length.  The 
adjacent smaller chamber occupies the riverward position with clear dimensions of 56 x 360’ 
in length. 

 
An aerial photograph of the existing locks and dams along with pertinent data is 

shown in Figure 4.2-B. 
 

 
FIGURE 4.2-B - Dashields Locks and Dam, Ohio River Mile 13.3 

LOCKS: Two parallel locks, main lock 110' by 600', auxiliary lock 56’ by 360'. 
DAM: Fixed Crest Weir, top length of dam 1585’.  Lift is 10.0’. 

Operation Commenced:  1929. 
 

The main lock walls are of the gravity type founded on rock, however, the approach 
guide and guard walls are constructed of a continuous upper wall section supported on 
discontinuous concrete pedestals founded on rock.  The lock walls are anchored to rock using 
active (stressed) rock anchors.  Each miter gate sill is also a concrete gravity type structure 
founded and keyed into the rock.  A system of continuous metal wall armor is provided along 
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major rubbing surfaces of the guide, guard and lock walls.  Pipe galleries and filling/emptying 
culverts extend through the land, middle and river wall.   

 
Closures for dewatering the lock chambers consist of using lock dewatering bulkheads 

borrowed from Hannibal Locks and Dam for each use (downstream main chamber), a poiree 
dam (downstream auxiliary chamber), a boule dam (upstream main chamber) and a needle 
dam (upstream auxiliary chamber).  Neither system is considered an emergency closure and 
cannot be installed or deployed under flow.  The closure structures are located immediately 
upstream and downstream of the miter gate positions. 

 
Lock gates are of the mitering type and are composed of horizontally framed 

structures in the small 56-foot auxiliary chamber and vertically framed structures in the main 
110-foot lock chamber.  Each leaf of the miter gates are operated with hydraulic operating 
machinery traditionally used for Ohio River locks, and is composed of a cylinder, sector gear, 
sector arm and strut.  A system of interconnected hydraulic piping provides a pressurized 
system to the eight (8) gate operating cylinders.  A single triplex type service pump and 
identical standby pump distribute hydraulic fluid throughout the system.   

 
Lock chambers are filled and emptied by three longitudinal culverts, one in each wall.  

The riverward auxiliary 56-foot chamber is filled and emptied by a single 10-foot wide and 
12-foot high culvert in the river wall.  Flow through this culvert is controlled by the two 
butterfly valves of the same size.  An intake manifold, composed of twelve ports, is located in 
the river wall upstream of the miter gate position.  Similarly, twelve discharge ports are 
located in the river wall downstream of the lower miter gates.  The auxiliary chamber is filled 
and emptied through sixteen (16) filling and emptying ports in the central portion of the river 
wall.  The main land lock chamber is filled and emptied by two culverts, one located in each 
of the land and middle walls.  These culverts are 13 feet wide and 14’-10” high and controlled 
by two upstream and two downstream butterfly valves of the same size.  The intake manifolds 
for the land and middle wall culverts are each composed of eighteen intake ports.  Eighteen 
discharge ports are located in the land and middle walls downstream of the lower miter gate 
position through which the chamber is emptied.  The main lock chamber is filled and emptied 
through twenty five filling and emptying ports in the central portions of each the land wall 
and middle wall.  The six horizontally-mounted butterfly valves used to fill and empty the two 
lock chambers are operated by rocker and strut arrangement that is controlled by a separate 
hydraulic cylinders.  These six hydraulic operating cylinders are interconnected to the same 
hydraulic piping system used to operate the miter gates.   

 
The Dashields Dam is the last dam remaining on the Ohio River that is a non-

navigable fixed crest type of structure.  Concrete structures comprising the components of the 
dam include the 1,585-foot fixed crest dam section and abutment on the right bank.  The fixed 
crest dam and abutment section are all founded into the underlying bedrock.  The upstream 
section of abutment perpendicular to the river sections is founded on wood bearing piling with 
a sheet pile seepage cutoff wall incorporated within this section.  A 5-foot deep by 8-foot high 
concrete key, at the base of the dam, extends across the entire length of the dam to tie the 
structure into solid rock.  
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4.2.3 Montgomery Locks and Dam 
 

The Montgomery Locks and Dam project, consisting of a controlled spillway dam and 
dual locks located in Beaver County, Pennsylvania. These structures were built from 1932 to 
1936 to replace the original Locks and Dams No. 4, 5, and 6 at Legionville, Freedom, and 
Merrill, Pennsylvania, respectively.  Table 4.2-C provides a summary of pertinent data for this 
facility.    

 
The existing dam is comprised of a controlled spillway consisting of 10 vertical-lift, 

gated sections.  Each section is 100 feet in length with a sill at elevation 667.0, and an 
uncontrolled overflow spillway section (fixed-crest weir) consisting of 2 fixed weir sections, 
one 109.5 feet in length adjacent to the abutment wall and the other 109.25 feet in length 
adjacent to the River Wall, both with the crest at elevation 680.33.  The overall length of the 
dam, from the river-face of the River Wall to the river-face of the abutment wall is 1,378.75 
feet, including the fixed-crest weirs and gated spillways.  The vertical-lift between the lower 
pool at elevation 664.5 and the upper pool at elevation 682.0 is 17.5 feet.  Two gates 
destroyed in a recent tow boat accident were removed; and the gate bays were closed with 
concrete gravity dams until the new gates were installed and placed in service.  These new 
gates were placed in service in the fall of 2008. 

 
The Montgomery Locks are dual, adjacent, parallel chambers located on the left bank 

of the river at river mile 31.7.  The main lock chamber occupies the landward position with 
clear dimensions of 110’ x 600’ in length.  The adjacent smaller chamber occupies the 
riverward position with clear dimensions of 56’ x 360’ in length.  After the lock was placed 
into service, the upper guide and guard walls were extended by approximately 500 feet to 
provide better approach conditions.   

 
An aerial photograph of the existing Montgomery Locks and Dam along with 

pertinent data is shown in Figure 4.2-C. 
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FIGURE 4.2-C- Montgomery Locks and Dam, Ohio River Mile 31.7 

LOCKS: Two parallel locks, main lock 110' by 600', auxiliary lock 56’ by 360'. 
DAM: Non-navigable dam comprised of 10 vertical-lift gates, each 100’ in length, with two fixed weirs with a 101.5’ and 

101.25’ open crest lengths.  Top length of dam is 1,379’.  Lift is 17.5’. 
Operation Commenced:  1936. 

 
 
The main lock walls are of the gravity type founded on rock, however, the approach 

guide walls are founded on wood bearing piles.  The lock walls are anchored to rock using 
passive (unstressed) rock anchors.  Each miter gate sill is also a concrete gravity type 
structure founded and keyed into the rock.  A system of continuous metal wall armor is 
provided along major rubbing surfaces of the guide, guard and lock walls.  The floor of each 
lock chamber is paved with concrete slabs, 6’ x 6’ x 2’ thick.  Pipe galleries and 
filling/emptying culverts extend through the land, middle and river wall.  The upper guide 
wall extension consists of a concrete cap supported on steel sheet pile cells and diaphragms.  
The upper guard wall extension consists of a series of six individual circular steel sheet pile 
cells filled with granular materials and capped with concrete. The cells are integrated with a 
timber fender system.   

 
Closures for dewatering the lock chambers consist of poiree dam (downstream main 

and auxiliary chambers) and a boule dam (upstream main chamber) and a needle dam 
(upstream auxiliary chamber).  Neither system is considered an emergency closure and cannot 
be installed or deployed under flow.  The closure structures are located immediately upstream 
and downstream of the miter gate positions. 

 
Lock gates are of the mitering type and are composed of horizontally framed 

structures in the small 56-foot auxiliary chamber and vertically framed structures in the main 
110-foot lock chamber.  Each leaf of the miter gates are operated with hydraulic operating 
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machinery traditionally used for Ohio River locks, and is composed of a cylinder, sector gear, 
sector arm and strut.  A system of interconnected hydraulic piping provides a pressurized 
system to the eight (8) gate operating cylinders.  A single triplex type service pump and 
identical standby pump distribute hydraulic fluid throughout the system.  Miter gates are 
operated from two local positions on the upstream and downstream ends of the lock middle 
wall.   

 
Lock chambers are filled and emptied by three longitudinal culverts, one in each wall.  

The riverward auxiliary 56-foot chamber is filled and emptied by a single 10-foot wide and 
12-foot high culvert in the river wall.  Flow through this culvert is controlled by the two 
butterfly valves of the same size.  An intake manifold, composed of twelve ports, is located in 
the river wall upstream of the miter gate position.  Similarly, twelve discharge ports are 
located in the river wall downstream of the lower miter gates.  The auxiliary chamber is filled 
and emptied through sixteen (16) filling and emptying ports in the central portion of the river 
wall.  The main land lock chamber is filled and emptied by two culverts, one located in each 
of the land and middle walls.  These culverts are 13 feet wide and 14’-10” high and controlled 
by two upstream and two downstream butterfly valves of the same size.  The intake manifolds 
for the land and middle wall culverts are each composed of eighteen intake ports.  Eighteen 
discharge ports are located in the land and middle walls downstream of the lower miter gate 
position through which the chamber is emptied.  The main lock chamber is filled and emptied 
through twenty five filling and emptying ports in the central portions of each the land wall 
and middle wall.  The six horizontally-mounted butterfly valves used to fill and empty the two 
lock chambers are operated by rocker and strut arrangement that is controlled by a separate 
hydraulic cylinders.  These six hydraulic operating cylinders are interconnected to the same 
hydraulic piping system used to operate the miter gates.   

 
The Montgomery Dam was the first structure of this type (non-navigable, gated crest) 

to be constructed on the Ohio River.  Concrete structures comprising major components of the 
dam include eleven (11) gate piers, ten (10) gate sills, the apron slab, two fixed crest weirs 
that flank the gated portion of the dam, an abutment, and an emergency bulkhead storage pit.   
All piers, sills, and the two fixed dam sections are all founded into the underlying bedrock.  
The apron slab downstream of the dam sills in founded on wood bearing piles.  Dam sill 
monoliths are somewhat rectangular in shape and extend 29.85 feet upstream and 49.27 feet 
downstream of the service bridge centerline.  Immediately downstream of the gate sill is the 
dam’s stilling basin or “apron”.  The apron is a 5-foot thick reinforced concrete slab, 73-feet 
wide and supported on wood bearing piles and extends across the entire downstream length of 
the dam.  A sheet pile cutoff wall was driven to rock along the downstream edge of the apron 
and finally encased in the concrete at the top.  Three rows of concrete baffle blocks rest atop 
the apron to dissipate the energy of the tail water.  A 5-foot deep by 8-foot high concrete key, 
at the base of the dam sills and fixed weir end sections extends across the entire length of the 
dam to tie these structures into solid rock.  

 
A structural steel service bridge spans from the operations building on the river lock 

wall to the bulkhead storage pit located in the vicinity of the right dam abutment area.  The 
bridge is approximately 1,512.5 feet long and consists of 12 spans of deck-trusses that are 
each 20 feet deep and 18 feet wide.  A smaller footbridge connects the dam’s service bridge to 
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the locks, between the river wall powerhouse building and Pier 1.  The service bridge carries a 
30 ton capacity crane while the bottom chord of the bridges truss works support a runway 
girder with rails on which the electric hoist crane travels for handling and setting the dam’s 
bulkhead units.  

 
Closures of the dam bays for maintenance of lift gates and emergency purposes are 

provided by a bulkhead system.  The bulkhead consists of three long rectangular structural 
units, each 11’-6” deep by 102-3½” long (center of rollers) and 5’-7½” high.  When in their 
lowered position resting on the crest (El. 667.0), the three units form a closure to elevation 
683.9, which is 1.9 feet above the normal upstream pool (El. 682.0).  The bulkhead units are 
manufactured of aluminum plates and structural shapes with bolted construction.  An 
aluminum skin plate is provided on the downstream side of the units and all units are provided 
with compressible rubber seals.  The units are storage in a concrete pit located in the vicinity 
of the right dam abutment when not in use.  When the bulkhead units are to be used, they are 
raised, transported and lowered into position one unit at a time.  Each unit is raised from the 
storage pit, transported and lowered into position with an electric hoist crane and lift beam 
that travel along a rail attached to a runway girder that is support between the bottom chords 
of the service bridge truss works.  The bulkhead units are designed for placement in flowing 
conditions and can be used for emergency closure of a dam bay.   
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TABLE 4.2-A - Emsworth Locks and Dams - Pertinent Data 
 

Project Location  Ohio River Mile 6.2(main channel) & 6.9 (back channel), below the Point in 
Pittsburgh, PA 

Type of Project Non-navigable, movable crest, gated dams, overall length 968 feet Main channel 
dam, overall length 750 feet Back channel dam.  Fourteen vertical lift gates with 
a clear span of 100 feet between piers.  Steel service bridges extend from the 
fixed crest weir adjacent to the river lock wall to left bank abutment of the main 
channel and from the right bank abutment to the left bank abutment of the back 
channel.  Two parallel locks are located on the right bank of the main channel. 
The main lock chamber is 110’ wide by  600’ long, and occupies the landward 
position, while the auxiliary lock chamber is 56’ wide by 360’ long and occupies 
the riverward position.     

Stream Data 
 

             Drainage Area u/s of Dam 
              Max. Flood of Record  

Max. Flood of Record (gated dam) 
Max. Peak Discharge 

Max. Peak Discharge (gated dam) 
 

 
 
19,428 square miles 
731.8 feet upper 730.0 lower (NGVD in 17 March 1936) 
722.0 feet upper 720.1 lower (NGVD 20 January 1996) 
557,000 cfs  (18 March 1936) 
372,000 cfs  (20 January 1996) 
 
 

Pool Data 
 

Normal Upstream, Elev. NGVD  
Normal Downstream, Elev. NGVD 

Lift, feet 
 

 
 
710.0 
692.0 
18.0 

Lock Data 
 

Sizes, width (ft) x length (ft) 
Main 

Auxiliary 
 

Top of Wall Elevation (NGVD) 
Max. Locking Stage Elev. (NGVD) 

Miter Gates 
 

Number of Emergency Closures 
Type of Closure Structures 

 
Length of Lock Walls, feet 

 
River 

Middle 
Land 

Upper Guard 
Lower Guard 
Upper Guide 
Lower Guide 

 
Elevations, feet NGVD 

 
 
 
110 x 600 
  56 x 360 
 
718.3 (Overlay) 
716.2 
4 pairs 
 
0.  Closures are not for Emergency Closure only for Maintenance Closure 
Boule (US Main), Poiree (DS Main & DS Aux) , and Needle (US Aux) 
 
 
 
495.2 
786.0 
808.6 
727.7 (Ported)    145.0 Extension 
242.5 (Solid)      344.0 Extension 
1034.4  
582.6 
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Upper Miter Sill 
Lower Miter Sill 

Emergency Bulkhead Sill  
    

690.0 Main Chamber; 694.0 Auxiliary Chamber  
679.1 Main Chamber; 679.4 Auxiliary Chamber  
N/A 

 Dam 
 

Type 
Length, feet 

Main Channel 
Back Channel 

Number of Gates 
Height and Length of Gates, feet 

Gate Sill elevation, feet NGVD 
 

Weir elevations, feet NGVD 
Gate Elevation in Lowered Position, 

feet NGVD 
 

 
 
Non-navigable, gated 
 
968 Main Channel (Includes fixed crest section) 
750 Back Channel  
8 (Main), 6 (Back) 
12 x 100 
698.0 
 
709.0  
 
710.0 
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TABLE 4.2-B - Dashields Locks and Dam - Pertinent Data 
Project Location  Ohio River Mile 13.3, below the Point in Pittsburgh, PA 
Type of Project Non-navigable, fixed crest dam, overall length 1,585 feet.   Two parallel locks 

are located on the left bank of the project.  The main lock chamber is 110’ 
wide by  600’ long, and occupies the landward position, while the auxiliary 
lock chamber is 56’ wide by 360’ long and occupies the riverward position.     

Stream Data 
 

             Drainage Area u/s of Dam 
              Max. Flood of Record  

Max. Stage (Post reservoir) 
 

 
 
19,522 square miles 
723.0 feet (NGVD in March 1936) 
713.3 feet (NGVD in 20 January 1996) 
 

Pool Data 
 

Normal Upstream, Elev. NGVD  
Normal Downstream, Elev. NGVD 

Lift, feet 
 

 
 
692.0 
682.0 
10.0 

Lock Data 
 

Sizes, width (ft) x length (ft) 
Main 

Auxiliary 
 

Top of Wall Elevation (NGVD) 
Max. Locking Stage Elev. (NGVD) 

Miter Gates 
 

Number of Emergency Closures 
Type of Closure Structures 

 
 

Length of Lock Walls, feet 
River 

Middle 
Land 

Upper Guard 
Lower Guard 
Upper Guide 
Lower Guide 

 
Elevations, feet NGVD 

Upper Miter Sill 
Lower Miter Sill 

Emergency Bulkhead Sill  
    

 
 
 
110 x 600 
  56 x 360 
 
706.0 (Overlay) 
703.0 
4 pairs 
 
0.  Closures are not for Emergency Closure only for Maintenance Closure 
Bulkhead (DS Main), Boule (US Main), Poiree (DS Aux), and Needle (US 
Aux) 
 
 
514.9 
956.3 
871.9 
392.6 
323.1 
502.4 
289.8 
 
 
678.0 
664.75 
NA 

Dam Data 
 

Type 
Crest Elevation, feet NGVD 

 
 
Non-Navigable, fixed crest 
692.0 
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TABLE 4.2-C - Montgomery Locks and Dam - Pertinent Data 
Project Location  Ohio River Mile 31.7, below the Point in Pittsburgh, PA 
Type of Project Non-navigable, movable crest, gated dam, overall length 1,378.75 feet.  

The remaining eight original vertical lift gates with a clear span of 100 feet 
between piers, possessing a full vertical travel of 40.25 feet above the sill 
with two fixed crest weirs at the river wall and abutment wall.  Steel service 
bridge extends from river lock wall to right bank bulkhead storage pit.  
Two parallel locks are located on the left bank of the project.  The main 
lock chamber is 110’ wide by 600’ long, and occupies the landward 
position, while the auxiliary lock chamber is 56’ wide by 360’ long and 
occupies the riverward position.     

Stream Data 
             Drainage Area u/s of Dam 

              Max. Flood of Record  
Max. Stage (Post reservoir) 

 

 
22,969 square miles 
707.6 feet (NGVD in March 1936) 
697.5 feet (NGVD in December 1942) 
 

Pool Data 
Normal Upstream, Elev. NGVD  

Normal Downstream, Elev. NGVD 
Lift, feet 

 

 
682.0 
664.5 
17.5 

Lock Data 
Sizes, width (ft) x length (ft) 

Main 
Auxiliary 

 
Top of Wall Elevation (NGVD) 

Max. Locking Elevation (NGVD) 
Miter Gates 

 
Number of Emergency Closures 

Type of Closure Structures 
 

Length of Lock Walls, feet 
River 

Middle 
Land 

Upper Guard 
Lower Guard 
Upper Guide 
Lower Guide 

 
Elevations, feet NGVD 

Upper Miter Sill 
Lower Miter Sill 

Emergency Bulkhead Sill  
    

 
 
110 x 600 
  56 x 360 
 
693.0 (Overlay) 
690.0 
4 pairs 
 
0.  Closures are not for Emergency Closure only for Maintenance Closure 
Boule (US Main), Poiree (DS Main & DS Aux), and Needle (US Aux) 
 
 
619.4 
956.6 
1,119.6 
345.6        305.2 (Extension) 
265.1 
1,009.4 
410.9 
 
 
665.0 
649.75 
NA 

 Dam 
Type 

Length, feet 
Number of Gates 

Height and Length of Gates, feet 

 
Non-navigable, gated 
1,378.75 
10 
16 x 100 
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Gate Sill elevation, feet NGVD 
Gate Bottom Elevation in Raised 

Position NGVD 
Weir elevations, feet NGVD 

Gate Elevation in Lowered Position, feet 
NGVD 

667.0 
 
707.3 
680.3 
683.0  
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FIGURE 4.2-D – Emsworth Locks and Dams, Plan and Elevation 
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FIGURE 4.2-E– Dashields Locks and Dam, Plan and Sections 
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FIGURE 4.2-F– Montgomery Locks and Dam, Plan and Sections 
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5. MAJOR REHABILITATION WORK 
 
5.1 GENERAL 
 

In the late 1960’s, consistent with the modernization and replacement program 
underway on the Ohio River, the District started planning studies for Emsworth, Dashields, 
and Montgomery.  These studies culminated with the Report on Replacement, Emsworth, 
Dashields and Montgomery Locks and Dams, April 1971.  It became increasingly more 
apparent that any definitive improvement for these projects could, at the earliest, be projected 
25 or more years into the future.  Concurrent and related considerations and the logical 
conclusion of the comprehensive program for modernization of the Ohio River still suggested 
that reconstruction of these structures would be the next link in the completion of this 
replacement program.  Accordingly, major items of repair and rehabilitation were deferred, 
and expenditures for maintenance were limited to those absolutely necessary for continued 
operation.  This approach resulted in emergency programs to replace or repair critical items 
such as the 110’ miter gates at all three projects, overhauling and changing the operation of 
the Emsworth Dams’ gates, urgent scour protection efforts at Emsworth and Montgomery, 
and similar work. 

 
As a result of considerations stated above and because of the age and deteriorated 

condition, the District, with the assistance of the Waterways Experiment Station, initiated 
Engineering Condition Surveys and Structural Investigations for Emsworth, Dashields and 
Montgomery Locks and Dams.  Additional studies, such as foundation drilling and testing, 
stability reviews, closer monitoring and similar efforts were undertaken by the District.  The 
need to slow the rate of concrete deterioration was a contributing factor prompting action.  All 
three locks were in advanced stages of concrete deterioration.  Most of the lock wall 
monoliths did not meet present-day stability criteria.  Project components constructed of steel, 
such as the lock gates and dam gates, had been weakened by corrosion over the years and 
were in urgent need of repair or replacement.  During installation of new lower gates at the 
Emsworth main chamber in 1981, three of the vertical beams in the Upper Middle Wall gate 
failed and the gate was held in place by the diagonal bars.  Complete failure of this gate would 
have damaged the partly erected new lower gates, caused loss of life and equipment, and 
almost certainly resulted in the loss of the Pittsburgh pool.  Fortuitous discovery of the 
condition initiated an emergency program to secure the lower gates, thus permitting the pool 
in the chamber to be raised and the upper gates to be taken out and repaired. 

 
Mechanical and electrical systems were in advanced stages of deterioration and in 

need of renewal.  With recommendations from these reports detailing specific rehabilitation 
measures necessary to assure the safe operation of the structures, the District prepared 
Reconnaissance Reports for Major Rehabilitation for each structure in August 1977, July 
1982, and January 1984, respectively.  Subsequent to these reports, Feature Design 
Memorandums (FDM’s) detailing features of work for the major rehabilitation projects were 
prepared in 1980, 1985 to 1987, and 1983, respectively.  
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Although selected plans outlined in the FDM’s would provide for rehabilitation of the 
locks and dams necessary to ensure operation for another 25 years, they provided scant or no 
improvements in the operation of the facilities in light of modern requirements and standards.  
Nor were the rehabilitations intended to extend the life of these facilities indefinitely but 
rather were intended to keep them operational while replacement studies and plans were 
developed.  The start and end dates for the major rehabilitation efforts are noted as follows: 
rehabilitation of Emsworth Locks and Dams was undertaken in December 1981 through June 
1986; rehabilitation of Dashields Locks and Dam was undertaken during October 1987 
through December 1990; and rehabilitation of Montgomery Locks and Dam was undertaken 
from July 1985 through April 1989.  Major features of the work associated with these 
rehabilitation projects are noted in the following sections. 
 
 
5.2 REHABILITATION MEASURES 
 

5.2.1 General 
 

As stated earlier, the rehabilitation effort was limited in scope and intended to extend 
the useful life of the three locks and dams for a period of 25 years; that is, until such time that 
a final upgrading or replacement was estimated to be in place.  The rehabilitation included 
some limited improvements, for example, improvements to the stability of the lock walls; 
total replacement of the lock operating machinery; protective encasement and patching of 
deteriorated concrete and installation of a limited number of floating mooring bitts.  It also 
included some strictly cosmetic treatment, such as the shotcrete coating of the outside surface 
of the lock walls. 

 
The extent of rehabilitation work that could be undertaken was also limited by the 

length of time that the locks could be shut down.  The lock closure time was particularly 
critical for the main 110’ x 600’ chamber, which understandably also required the most work.  
Closure times were carefully studied and coordinated with the users and the industry.  The 
following closure times for the main chambers were finally accepted and stipulated: 

 
 Emsworth – two, 30-day closures 
 
 Dashields – one, 15-day; one, 45-day and one, 60-day closure 
 
 Montgomery – one, 45-day closure 
 

5.2.2 Emsworth Locks and Dams 
 

The main features of the work performed in the major rehabilitation project for the 
locks consisted of resurfacing and limited refacing of lock walls, including installing 
additional wall armor on wall areas subject to severe barge impact.  Deteriorated concrete 
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between existing wall armor was removed and shotcreting was performed.  Rock anchors 
(stressed and unstressed) were installed to improve the stability of critical lock wall 
monoliths.  Two floating mooring bitts were installed within the main chamber.  The Upper 
and Lower Guard Walls were strengthened by encasing the original guard wall cells with 
larger-diameter cells.  The 56’ lock miter gates were rehabilitated along with the replacement 
of all pintles and lock gate operating machinery and lock gate anchorages and associated 
concrete were repaired.  Miter gate and quoin seals were repaired.  Culvert valves and 
operating machinery were replaced.  Repair and or replacement of worn mechanical and 
electrical components were repaired or replaced, and a new hydraulic system, new power 
service and lighting systems were installed for the locks.  A new tow haulage system for the 
land chamber was also installed. 

 
The main features of the work performed on the dam during the major rehabilitation 

project consisted of completing the reconditioning of the dam vertical-lift gates and Sidney 
Gate, rehabilitation for the dam bulkheads, replacing bulkhead hoist conductor rails, and 
cleaning and painting the service bridge.  A remote control system for the dam gates was 
installed along with new power service for the main channel dam.  Erosion protection was 
placed in selected areas downstream of the dam, in both the main and back channels, and 
voids beneath the dam apron were grouted. 
 

5.2.3  Dashields Locks and Dam 
 

The main features of the work in the major rehabilitation project for the locks were 
resurfacing the top and repairing the deteriorated faces of the lock walls, repairing of the 
spalled monolith joints, installing additional wall armor at areas subject to severe barge 
impact, and replace damaged and worn line hooks and ladder recesses.  Two floating mooring 
bits were installed.  Stability of critical lock wall monoliths was improved by installing 
stressed and non-stressed rock anchors.  The Land chamber miter gates were replaced, along 
with the pintles.  River chamber miter gates were replaced, along with pintles, and lock gate 
operating machinery, and lock gate anchorages, and associated concrete were repaired.  Miter 
gate and quoin seals were also repaired.  Culvert valves, operating machinery, and anchorage 
were refurbished.  Repair and/or replacement of worn mechanical and electrical components 
included installation of a new hydraulic system and new power service and lighting systems 
for the locks.  A new tow haulage system for the land chamber was also installed. 

 
A serious structural failure occurred during the dewatering of the main chamber when 

the downstream poiree dam foundation in the chamber failed.  Similar failures and concerns 
had prompted the District to include in the rehabilitation plans a means to eliminate the poiree 
dam closure for the main chamber by cutting slots in the walls to accept the Hannibal 
maintenance bulkheads.  This is just another example which demonstrates the hazardous 
condition of these projects.   

 
Rehabilitation of the fixed-crest dam was required to ensure continued safe operation 

for another 25 years.  The main features of the rehabilitation effort consisted of filling existing 
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voids beneath the apron with tremie concrete and placing of grout-filled bags and/or tremie 
concrete to protect the toe.  No rehabilitation work was performed on the abutment.   
 

5.2.4 Montgomery Locks and Dam 
 

The main features of the work performed during the major rehabilitation project for 
the locks consisted of resurfacing and localized refacing of lock walls at critical barge impact 
areas.  Deteriorated concrete between existing wall armor at localized areas was removed and 
replaced.  Repairs were performed at a number of spalled monolith joints.  Critical lock wall 
monoliths were strengthened by placing non-stressed rock anchors.  The Upper Guard Wall 
cells were encased inside new sheet-piles and a new fender system was installed.  All miter 
gates were replaced, along with the pintles and lock gate operating machinery.  Lock gate 
anchorages and associated concrete were repaired.  Miter gate and quoin seals were also 
repaired.  Repair and/or replacement of worn mechanical and electrical components included 
installation of a new hydraulic system and new power service and lighting systems for the 
locks.  Erosion protection placed in the lower lock approach included filling voids under the 
Lower Guide and Lower Guard Walls. 

 
The main features of the work performed on the dam during the major rehabilitation 

project consisted of limited reconditioning of the vertical-lift gates, fabrication of new 
bulkheads, rebuilding bridge seats and machinery bases, replacement of machinery housings, 
and cleaning and painting of the service bridge.  Erosion protection was placed downstream of 
the dam.  Localized concrete repairs were performed on the dam piers along with epoxy 
injection of cracks on the dam piers.  A new electrical power service was installed for the 
dam. 
 

5.2.5 Limitations of Major Rehabilitation Work Efforts 
 

The major rehabilitation work plans completed for these three projects were 
formulated on the basic premise of repairing only those items that were absolutely necessary 
to ensure about 25 years of reliable service while minimizing all lock chamber closures to the 
level as coordinated with waterway representatives.  The plans for the longer term (50 years) 
anticipated modernization (reconstruction) of these locks.  Consequently, a number of items 
that would normally be included in a longer term plan were not addressed.  The following 
briefly describes these items or systems which were omitted from the work because of 
attendant chamber closure times, cost constraints, or original design configuration limitations. 
 

5.2.5.1 Filling and Emptying Systems   
 

The filing and emptying system is an essential component of any lock that allows for 
the smooth transiting of vessels and tows.  Inefficient systems could cause unfavorable water 
flows and surges that toss the vessels within the chamber and could even cause damaging 
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impact with lock walls or gates.  The filling and emptying system at Emsworth Locks is rather 
eccentric and radically different than any other system on the Ohio River, consisting of 
multiple transverse filling and emptying valves located in the lock walls.  The location and 
hydraulics associated with the operation of these valves sometimes produces surges and 
turbulence that in turn complicate work conditions for tow operators and lock operators, 
produce increased hawser forces (due to boats tying off to the lock walls during lockages) that 
stress lock walls, as well as increases the chances for tow impact with walls and gates, unless 
their operation is carefully controlled and locking time is stretched out.  One incident of a tow 
impacting a lock gate during the filling process occurred in the late 1990s at Emsworth.  An 
attempt to improve the filling and emptying process at Emsworth was made during the 
rehabilitation by restoring an abandoned turbine conduit in the land wall allowing it to 
function as a supplement to the filling and emptying system.  However, use of this conduit for 
supplemental filling did not prove practical and cannot used in this fashion.  The filling and 
emptying system today is beset by the same problems that existed before the rehabilitation. 
 

The Dashields and Montgomery locks have reasonably modern filling and emptying 
systems but complete rehabilitation of valves frames was not possible without a very lengthy 
lock closure.  Although portions of the valves were replaced, the work only partially corrected 
the deficiencies and the potential for failure of those frames still exists. 
 

The discharge ports at both Dashields and Montgomery Locks are located in the lower 
approach.  During the emptying cycle, any water craft that may be in or near the lower 
approach, that is not properly secured, could be endangered by turbulence caused by the 
discharge flowing into the area.  In addition to the disturbances affecting any water craft in the 
lower lock approaches, a scour problem has developed in the lower lock approach at 
Montgomery.  The lower guide wall is founded on timber bearing piles, which have been 
found to be exposed and no longer supported by streambed material throughout their entire 
length.  The loss of material is attributed to the turbulence caused by the discharge flow from 
the lock chamber emptying ports and possibly by propeller induced wave action.  The 
undermining problem was corrected by replacement of the lost material and the addition of 
grouted stone scour protection.  It is noted that lock approach depth requirements limit the 
thickness of stone scour protection; therefore, it can be presumed that the immediate problems 
were corrected, but there is some doubt as to its effectiveness over a protracted period of time. 
 

At all three projects, the large lock chambers are five feet shorter in usable length than 
the 600’ chambers in new downriver locks.  As a result, chamber-filling tows sized for 
passage through the downstream 600’ locks are “cramped” in the EDM main chambers.  
During what should be routine lockages, tows are in danger of striking the walls or gates 
during all elements of the lockage operation but most particularly during the filling and 
emptying cycles.  Because of the mass of the barges, great impact forces can be delivered if 
the tows move in the lock chamber.  This problem is exacerbated by the filling and emptying 
system at Emsworth as described above.  To prevent such movement during the lockage 
cycle, the tows are secured to the lock walls, and the lock valves are carefully operated to 
avoid excessively large hawser stresses (pulling of lines tied off on posts located on the lock 
walls).  Lengthening the lock chambers at EDM to make them compatible with the new 
downriver locks would have involved an extended shutdown and complete rebuilding of gate 



UPPER OHIO NAVIGATION STUDY                   Engineering Appendix  
 

 
 

 
 

GENERAL ENGINEERING REFERENCE DATA APPENDIX                    Page  5-6 

monoliths and sills.  An associated problem that was addressed during the major 
rehabilitations was the installation of floating mooring bitts at each project.  Prior to the 
rehabilitation, only stationary check posts were available for the tows to tie off on.  These 
posts greatly increased the responsibilities of the deck hands in during the locking process in 
securing these lines.  New floating mooring bitts have top some extent improved this process 
at EDM, but due to complications in retrofitting these bitts to the existing wall geometry, only 
one or two were added to the main chambers at each project.  Therefore since stationary check 
posts are still used some pre-rehabilitation complications remain during the locking process to 
this day. 
 

5.2.5.2 Lock Emergency Closures   
 

All three 600-foot lock structures were originally provided with “emergency” closure 
systems, which consist of submerged collapsible frames and shutters erected on a concrete sill 
located upstream of the upper miter sill.  Installation of these emergency closure dams require 
the use of a floating plant and, although they were apparently designed to be installed in 
flowing water and to withstand a 20-foot head, they have never been tested under flowing 
water conditions.  Given the difficulties encountered erecting these in still water for 
maintenance dewaterings, the District seriously doubts whether they could in fact be installed 
in an “emergency” situation.  Since the rehabilitations were intended only to correct serious 
deficiencies and ensure continued safe operation for 25 years, and because of the high costs 
and extended lock closures required to install new emergency lock closures, new closures 
were not included in any rehabilitation program.  None of the auxiliary chambers have 
emergency closures, but only maintenance closure barriers, which are not designed to be 
installed under flow. 
 

5.2.5.3 Lock Walls   
 

During each of these rehabilitations only the most severely deteriorated lock wall 
areas were repaired due to constraints on both lock closure time and total major rehabilitation 
costs.  Selected vertical surfaces of lock walls received minor concrete patches.  Concrete 
repair measures were reserved to thin (12 inches or less) lightly-reinforced cast-in-place 
overlays or even thinner shotcrete surface coatings.  Because of this approach, the concrete, 
original and replaced, will deteriorate until complete replacement or another more extensive 
overlay and/or wall section replacements are accomplished.  The structural analysis 
performed during the engineering condition survey for Montgomery Locks revealed high 
internal stresses in the land and middle walls.  The most visible indication of these stresses is 
major structural cracking in the valve monoliths and galleries.  Other possible indicators of 
dangerous cracking are areas on the land and river faces of the middle wall at Montgomery 
where water shoots out into the lock chambers.  Additionally each time the main chamber is 
filled water from the middle wall culvert erupts into the middle wall gallery.  This is the result 
of a large structural crack that connects the culvert to the gallery and continues through the 
roof of the gallery essentially splitting the monolith in two.  During winter this water causes 
hazardous conditions due to ice and the freeze thaw cycles continue to deteriorate the concrete 
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in this region.  Rehabilitation work included the placement of prestressed rods through 
affected monoliths perpendicular to existing cracks and the addition of traverse rods tied to 
the dowels placed to help anchor the new horizontal concrete surface to the existing surface.  
No special treatment was performed at any other areas.   
 
 An evaluation of the stability of the walls at these sites concluded that many monoliths 
do not meet present-day stability criteria.  Consequently, numerous monoliths were stabilized 
by adding unstressed and stressed anchors at Emsworth and unstressed anchors Montgomery, 
and stressed and unstressed anchors at Dashields.  With these anchors, the monoliths approach 
present day criteria for stability but not for all loading conditions.  Increasing the stabilization 
to adequately cover all such loading cases would have been extremely difficult at best, time 
consuming and very costly, and in many cases not even feasible.  Accounting for the fact that 
the lock chambers have been dewatered on several occasions and the monoliths have not 
shown any obvious signs of movement, and because the rehabilitations were considered an 
interim solution, a relaxation of stability requirements was adopted.  The anchors used at 
Emsworth, and Montgomery mitigate only against overturning, as sliding was not a concern at 
either site. 
 

5.2.5.4 Sills   
 

None of the rehabilitations included repair or replacement of the miter, guard or poiree 
dam sills due to constraints on lock closures and cost.  The existing sills are still adequate, but 
with changes in fleet characteristics since these structures were built, the existing sills do not 
provide the recommended depth clearances that are routinely provided in new facilities.  
Since the rehabilitation efforts were viewed as interim solutions and the existing sills were 
expected to perform safely for at least the next 25 years, no extensive work on the sills was 
included in the rehabilitation work.   

 
An additional area of concern is the miter gates sill for the main chamber.  The miter 

gates in the main chamber are constructed with vertically framed miter gates.  A vertically 
framed gated resists the water pressure by a series of vertical girders more or less uniformly 
spaced throughout the length of the gate, and supported at the top and bottom by horizontal 
girders transmitting the loads to the miter and quoin at the top of the leaf and directly into the 
miter sill at the bottom.  The miter gate sills become an integral feature because the sills 
provide structural support to the miter gates to resist the loading.  Horizontally framed gates 
provide a more rigid structure and are usually economically comparable to vertically framed 
gates, but vertically framed gates do not provide any structural redundancy in the main load 
carrying members when compared with the horizontal framed gates.  Current engineering 
criteria recommend that vertically framed gates should not be used for new construction.  
Swapping out the existing vertically framed gates with new horizontally framed gates to 
eliminate the loads on the sills is not possible because it would impose a completely different 
load support path into the lock walls requiring substantial retrofitting of the monoliths to 
adequately resist these loads.   
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5.2.5.5 Dams 
 

Scour protection was provided below each of the three dams.  Subsequently the 
protection at Emsworth was damaged by high flows and normal operating events which 
caused severe erosion and undermining of the dam which exposed the timber bearing piles 
under the apron section of the dam.  Continued scour would lead to undermining of the steel 
bearing piles supporting the dam sills and piers.  A Major Rehabilitation project is currently 
underway at Emsworth which includes installation of new, more robust scour protection; 
replacing the old dam gates and mechanical systems; repairing the service bridges; new dam 
bulkheads and hoisting system and various other features. 
 

The scour protection at Montgomery Dam was also damaged by high flows causing 
severe erosion immediately downstream of the dam apron undermining the sheet pile cutoff 
wall within the dam apron and compromising the structural stability of the apron which is 
supported by timber bearing piles.  Loss of the apron could lead to catastrophic failure of the 
dam.  A Dam Safety study is currently ongoing and the District is evaluating the Dam features 
at Montgomery separately from this Feasibility Study. 

 

5.2.5.6 Dam Gates   
 

The rehabilitations at Emsworth and Montgomery included repair of the dam gates, 
including the replacement of individual deteriorated structural members, reinforcement of 
other structural members, replacement of deteriorated rivets with high strength bolts and the 
cleaning and painting of all gates.  These repairs solve the more pressing problems and satisfy 
minimum safety requirements for the interim period, but they are not considered a long term 
solution.  In fact, the gates at Emsworth have since become very unreliable and have failed 
numerous times.  One of the vertical lift gates on the main channel dam was replaced in 2004 
with O&M funding.  The on-going rehabilitation at Emsworth Dam has replaced all of the 
remaining vertical lift gates and the Sydney gate on the back channel dam, and current 
contract includes replacement of all the remaining vertical lift gates on the main channel dam.    

 
Two of the dam gates at Montgomery Dam were destroyed in a tow boat accident in 

October 2006 and the gate bays were closed with concrete gravity dams until new gates were 
fabricated and installed.  These new gates were placed in service in the fall of 2008.  The 
remaining eight gates which are structurally deficient are undergoing an intensive 
maintenance effort to meet minimal safety requirements by selective replacement of 
individual deteriorated structural members, reinforcement of other structural members.  This 
effort is intended to meet short term minimum safety requirements for the interim period until 
new gates can be procured.  The District is budgeting for systematic replacement of the dam 
gates (two gates per year) as part of the O&M budget packages, but the gate replacement has 
not been funded to perform this systematic gate replacement.  Only in 2012, has the District 
obtained funds to purchase and install two lift gates with no future funding commitments 
provided to address the remaining six gates after these two gates are installed.  In addition 
new in-depth investigations of the Montgomery Dam were initiated by the District in fiscal 
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year 2008 under the Montgomery Dam Safety Modification Report.  Therefore, neither the 
dam concrete features nor the dam gates at Montgomery will be included in this Feasibility 
Study. 
 

 
The following table (Table 5.2-A) shows the age of the original structures and the age of the 
rehabilitation work: 
 

TABLE 5.2-A - Construction and Rehabilitation Dates and Age (As of 2013) 

Project Dates Constructed Dates Rehabilitated Age of the Work 

Started Completed Started Completed 
Original 
Const’n Rehabilitation 

Emsworth Locks and Dams 
a.  Original Project 

 
1919 

 
1921 

 
1981 

 
1985 

 
92 28 

Emsworth Locks and Dams 
b.  Gated Dams Addition 

 
1935 

 
1937 

 
1981 

 
1986 

 
76 

 
27 

Dashields Locks and Dam 1927 1929 1987 1990 84 23 
Montgomery Locks and Dam 1932 1936 1985 1989 77 24 
 

5.2.6 Ongoing Rehabilitation 
 

The dams at Emsworth Locks and Dams are currently being rehabilitated.  Under the 
scope of the Dams Rehabilitation the vertical crest gates are being replaced with new gates, 
gate operators and operation buildings; abutment stabilization measures, scour protection 
downstream of the dams, modifications to the existing service bridges which supports the 
emergency bulkheads for the dam, and new bulkheads.   

 
Completed in 2007, all of the crest gates, dam gate operators and operations buildings 

have been replaced on the Back Channel Dam.  The abutment stabilization and the dam scour 
protection are currently being designed.   

 
The Main Channel Dam rehabilitation started in 2008 and will include replacement of 

all of the crest gates, dam gate operators and operations building and the dam scour 
protection.  The abutment stabilization was completed in 2008.  The service bridge 
modifications are currently being designed.   
 

No current planned or ongoing rehabilitations are scheduled for the Dashields Locks 
and Dam. 
 

The Montgomery Dam is currently being investigated and studied for potential 
modifications and rehabilitations under the Dam Safety Modification Report; therefore, 
investigations into the existing dam structures are not performed within this Feasibility Study.   
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6. ASSESSMENT OF PRESENT PROJECT 
CONDITIONS 
 
6.1 GENERAL 
 

The intent of this section is to give an overview of conditions and historical and 
current problems at the projects such that a ready comparison can be made between projects, 
and a broader appreciation can be achieved of the totality of conditions and problems relative 
to an eventual assessment of needs and resolutions for the Upper Ohio projects when 
considered as a system.  
 
This summary draws information from the follow references;  
1. U.S. Army Corps of Engineers, Pittsburgh District,   
    Ohio River Mainstem System Study (ORMSS) 
    Emsworth, Dashields and Montgomery 
    Locks and Dams, Condition Report, January 2001 
  
2. U.S. Army Corps of Engineers, Pittsburgh District,  
    Supplemental Condition Report for 
    Emsworth, Dashields and Montgomery 
    Locks and Dams, Ohio River,  
    Condition Assessment of Dashields and Montgomery Dams, July 2006 
   
3. U.S. Army Corps of Engineers, Pittsburgh District, 
    Ohio River Mainstem System Study, 
    Emsworth, Dashields and Montgomery 
    Locks and Dams,   
    Report of Concrete Laboratory Testing, July 2000 
  
4. U.S. Army Corps of Engineers, Pittsburgh District, 
    Emsworth Major Rehabilitation Evaluation Report, Appendix A, 
    General Engineering and Reliability, March 2001 
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6.2 EMSWORTH LOCKS AND DAMS 
 

6.2.1 Locks 

6.2.1.1 Lock Walls  
 

The locks and the original fixed-crest dams have been in operation for 88 years.  The 
replacement gated dams have been in operation of 72 years since 1937, when the Emsworth 
pool was raised 7 feet.  Emsworth was the first “modern” navigation project on the Ohio 
River and, as such, design and construction standards were non-existent to primitive at best.  
When compared to present-day standards, the original standards were found to be totally 
inadequate.  For example, the lock wall concrete was “poured” between October 1919 and the 
end of February 1920, a very cold winter, with no cold weather protection.  Thus, the concrete 
was allowed to freeze, while still fresh.  The land chamber walls had to be refaced to a depth 
of 15 inches in 1931, 10 years after they were placed in service. 

 
Age, lack of adequate design and construction standards, and the raising of the 

Emsworth pool, which increased loading on structures and created additional navigation and 
hydraulic problems, have taken their toll on the facilities.  Field observations indicate that 
water is getting to the deteriorated concrete and causing it to become saturated.  Freeze thaw 
damage projections by Waterways Experiment Station, suggests additional deterioration of 
0.5 inches per year vertically downward, and 0.24 inches per year horizontally inward.  Thus, 
the concrete can be expected to continue to deteriorate. 

 
A. Stability and Foundation Conditions 
 

Foundation conditions were generally adequate for the original low lift (11-foot) 
project. However, some of the construction procedures and details raise concerns about their 
reliability under the raised pool (18-foot) loading.  Several monoliths have stepped or sloping 
foundations. This stepped/sloping is as much as 7 feet to 11 feet.  Many monoliths were built 
on a “perched” condition, which is setting on a rock ledge 2 feet to 6 feet high, including very 
critical monoliths such as M-26, the lower land chamber gate monolith. The more recent 
borings show an approximate equal number of good/tight contacts between rock and concrete, 
as those showing poor/loose contact. 
 

The pre-Major Rehabilitation Program (MRP) stability review showed most lock walls 
grossly deficient in stability under present-day criteria.  The MRP attempted to improve the 
stability to a reduced level of safety in consideration of the projected 25-year life extension.  
However, serious concerns exist over the effectiveness and reliability of the unstressed 
(passive) rock anchors used to improve stability margins.  Unstressed anchors were selected 
because of concerns over applying the anchor loads on thin and deteriorated concrete sections.   

 
In light of the highly unorthodox foundation practices and current conditions, and in 

light of reduced stability standards and doubts about the effectiveness of the passive anchors, 
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the overall stability of the lock walls is uncertain to marginal.  The lock walls especially the 
land wall rely on the structural integrity of the anchors for the lock walls to function.  Specific 
areas of known or suspected deficient stability are:  

 
♦ Upper Guide Wall.    A stability review has found this wall to be totally unstable (0% 

base in compression versus 100% as required by engineering requirements)  
 
♦ Lower Guide Wall.  The end monolith has moved and the one next to it settled, 

apparently as a result of impact. 
 

♦ Monoliths M-19 to M-24.  These monoliths have extremely poor stability parameters.  
Monoliths M-21 and M-22 have apparently moved as much as 1.5 inches over time, as 
evidenced by a separation of that magnitude between the monolith and the emptying 
culverts under the 56-foot chamber. 

 
♦ Monolith M-26.   While numerical stability results show this monolith to be stable, a 

number of observations raise doubts on its stability.  The monolith base is “perched” 
5-feet above the lock approaches.  Divers report that the three faces of the heavily 
impacted bullnose are deeply gouged and spalled below the water line.  The monolith 
joint with M-25 is open as much as ½-inch and spalled on the gate recess side. 

 
B. Condition of Concrete 

 
The original concrete was found to be deteriorated to depths of 1.5 feet to 4.5 feet 

below the surface on the top of the walls, and to a maximum depth of 1 foot horizontally, 
from the face of the walls.  More specific conditions are as follows: 
 

♦ Upper Guide Wall.  Overall condition is fair to poor.  The top surface is generally in 
poor condition.  The upstream 1936 extension, which contains wall armor, is in fair 
condition.  The vertical face of the original wall, with no wall armor, is in poor 
condition, with gouges, spalled joints and cracks present.  The bullnose monolith is 
severely spalled by impact from barges. 

 
♦ Land Wall.  The top surface of the wall is in good condition.  This is the 12-inch 

overlay placed in 1982 to 1983 covering the original deteriorated concrete.  Some 
random cracks exist, and some pre-existing cracks have re-appeared, particularly 
above the gate anchorages (reflective cracks).  The chamber face of the wall is in poor 
condition.  Only small areas, on the chamber walls were patched, and monolith joints 
were repaired.  The surfaces contain gouges, spalls and horizontal and vertical cracks.  
The gate recesses were repaired or coated with shotcrete, and the shotcrete is failing.  
The concrete around the thrust block, for the gates’ top girder, is deteriorated, as is the 
concrete in the quoin area corner of the gate recesses. 

 
♦ Lower Guide Wall.  The top surface overlay concrete is in good condition, but has 3 to 

5 transverse shrinkage cracks.  The river-face is severely spalled and gouged with 
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vertical and horizontal cracks.  The shotcrete coating on the landside is beginning to 
fail and separate. 

 

 
FIGURE 6.2-A - Lower Guide Wall (Note Condition of Concrete) 

 

 
FIGURE 6.2-B - Lower Guide Wall 110’ Chamber – Downstream Gate - Condition 

of Concrete 
 

♦ Middle Wall.   The top surface concrete, placed in 1982 to 1983 is in good condition, 
with the exception of 2 monoliths that have approximately six transverse cracks per 
monolith, which have propagated through the 1-foot overlay.  Transverse and random 
cracks occur in most of the monoliths.  Also, the top surface of Monoliths M-1 and M-
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2 is in poor condition.  These two surfaces were used as test sections to which a thin 
polymer mortar overlay was applied.  The mortar now has extensive pattern cracking 
that allows water to infiltrate the underlying concrete (Reference 3, Part 1).  Cracks 
have reappeared in the concrete overlay above the gate anchorages of the upper and 
lower 110-foot lock gates.  Larger cracks are also present in the 1-foot concrete 
overlay in Monolith M-24.  

 

 
FIGURE 6.2-C - Cracks In Overlay at Middle Wall Monolith M-24 

 
The land face of the Middle Wall and gate recess areas is similar to that noted for the 
face of the Land Wall and gate recess areas, except the gate recess shotcrete repair 
areas for the Middle Wall are in somewhat better condition than those for the Land 
Wall.  The river-face of the Middle Wall was repaired in 1982 to1983 using three 
different techniques: shotcrete coating from ¾-inch to 3-inch thick, shotcrete coating 
more than 3-inch thick, and a 1-foot concrete refacing.  
 
Areas repaired with concrete are in good condition.  Areas repaired with shotcrete are 
in fair to good condition.  Other areas of the small chamber wall were refaced in 1959.  
Large portions of this refacing have disintegrated, and much of it has lost bond to the 
underlying concrete.  In 1993, additional concrete repairs were performed on localized 
monoliths in the small chamber to address these concerns.  
 
Impact damage has occurred at the bullnose at the upper end of the wall, and, to a 
lesser extent, at the lower end.  The monolith joint between M-25 and M-26 is spalled 
at the 110-foot lower gate recess and the joint is open, suggesting movement of the 
monoliths.   
 
Divers also report that Monolith M-26 is severely spalled and gouged out on all three 
faces below the water line. 
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FIGURE 6.2-D - View of Upstream End of Middle Wall as Seen from Land Wall 

(Note Damage from Barges) 
 

 
FIGURE 6.2-E - Lower Middle Wall Gate Recess in 110’ Chamber (Note Spalled 

and Open Joint) 

♦ Upper Guard Wall Extension Cells.  These cells were reconstructured in the 1982 to 
1983 major rehabilitation program (MRP).  Both the concrete and the steel sheet piling 
are in good condition, except for substantial damage to the upstream cell, concrete 
cap, railing, and footbridge, caused by barge impact. 
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♦ Upper Guard Wall.  The MRP concrete overly is in good condition except fort the 
transverse cracks.  The land face with wall armor is also in good condition.  The river-
face shotcrete coating is failing and separating in places. 

 
♦ River Wall.  The River Wall conditions are similar to those of the Land and Middle 

Walls.  The shotcrete coating on both the land faces but more so on the river-face, is 
beginning to fail and to separate in places. 

 
♦ Lower Guard Wall.  Conditions are similar to those of the Upper Guard Wall, except 

that both the land and river-faces were shotcrete coated, and the coating is beginning 
to fail and separate in places. 

 
♦ Lower Guard Wall Extension Cells.  These cells were reconstructured during the MRP 

and are in good condition. 
 

C. Internal Stresses in Concrete 
 

A limited-scope stress analysis by the Corps Waterways Experiment Station evaluated 
internal stresses in Monoliths L-56, M-21, M-25 and R-27.  Tensile stresses were found to be 
of the order of 200 to 360 psi, especially around culverts.  However, it appears that the 
sections selected were not the most critical, and the analysis did not recognize the presence of 
other voids or the presence of deteriorated concrete.  The current ACI code recommends the 
modulus of a rupture f’r be taken at 7.5 (f’c)1/2.  This equates to 530 psi for 5000 psi concrete.  
However, the current Corps of Engineers policy is to design for no tension in concrete.  It is 
believed that if these considerations were taken into account, internal tensile stresses 
substantially higher than the values given above would have been found.  For instance, 
Monoliths M-21 and M-22 contain emptying cross culverts leading from the main 14-foot 
diameter longitudinal culvert.  The concrete thickness on the river side of this culvert is only 3 
feet thick.  Knowing that as much as 12 inches to 18 inches of concrete is deteriorated on the 
outside, and possibly 6 inches to 9 inches weakened on the inside, from the original freezing 
damage, the effective resisting wall thickness could be only 1.5 feet to 0.75 feet thick.  This 
would make the effective thickness, and it follows the effective strength, approximately one 
half that of the original wall.  
 

D. Cracks in Concrete 
 

Significant cracks exist throughout the lock walls concrete.  Some of these were 
mentioned earlier in conjunction with concrete conduits.  Some of these cracks are of a 
structural nature, such as those around the gate anchorages, which have propagated to the 
newer concrete overlay.  The operation of the miter gates transfers loads from the top 
anchorage gudgeon pin to the concrete.  The maximum gudgeon pin reaction for the upper 
110’ lock gates is 410 kips, and may be somewhat larger for the lower gates.  These are 
significant loads to be resisted by unreinforced and deteriorated concrete. 
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FIGURE 6.2-F - Lower Middle Wall Gate Recess – 110’ Chamber (Note Cracks in 
Concrete Overlay Above Gate Anchorage) 

6.2.1.2 Lock Sills 
 

The original sills were designed for the low lift (11’) requirement.  Even at that, many 
sills relied on “anchor bolts” embedded only a shallow depth into rock for their stability.  
With the raised pool (18’ lift), a few sills were reconstructured, with the majority being 
reinforced with additional “anchor bolts.”  Some sills required additional anchoring during the 
MRP.  Most of these anchors consist of normal-strength steel, without any corrosion 
protection, and the oldest had been underwater for 88 years. 
 

♦ 110’ lock Miter Sills.  Both of these sills rely entirely on two rows of carbon steel 
anchors to resist the gate reaction.  The apron upstream of the sill proper is only 2 feet 
lower than the sill.  As the gate is swung to miter, it tends to "“sweep” the apron, and 
drag submerged objects against the sill.  This has happened repeatedly, damaging both 
the sill and the gates’ bottom girder.  For these vertically framed gates, most of the 
gate reaction goes to the sill and not to a quoin block.  The gate reaction for the upper 
gates is 9.5 kips per foot and for the lower gates 17.21 kips per foot.  A gate leaf 
closing against an obstruction at mid-length produces a reaction of 575 kips applied at 
one point of the sill and half as much if the obstruction is at the end of the leaf.  For 
the lower gates, the reaction on the sill would be 1042 kips for an obstacle at mid-span 
and 521 kips for an obstacle at the end.  Even under these sizeable loads, the sills have 
been relying on “anchor bolts,” some of which have been under water for 88 years. 

 
♦ Emergency Dam Sill-110’ Lock.   The structural frames (bottom-hinged beam and 

prop) have likewise been under water for 88 years.  The anchorages for the bottom 
hinges are the same “anchor bolts” that provides the sill stability.  An added problem 
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is that each hinge has only two anchors, thus lacking in redundancy.  If one anchor 
fails, say due to corrosion, the frame fails.  Note, also that the frames have also been 
underwater for 88 years. 

 
♦ Poiree Dam Sills.  These sills are used to erect a maintenance closure at the 

downstream end of the two chambers.  The sills also rely on “anchor bolts” for their 
stability, and to anchor the poiree “boxes” which engages and supports the poiree 
trestles.  Again, there are only two anchors per box (no redundancy); the anchors have 
been underwater 88 years.  The depth over these sills is only 12.9 feet, making them 
exposed to damage from deep draft boats, or barges dragging debris.  Both similar 
poiree sills at Dashields have failed either through rupture of the anchor(s) or of the 
boxes.  The Dashields sills are at a much greater depth (17.33’), and had been under 
water only 60 years when they failed.  The poiree boxes in the Emsworth main 
chamber failed by the anchor bolts corroding in the threads and the attachment nut and 
during a load test prior to using the boxes the box was pulled out from the sill.  In 
2001 the poiree boxes in the main chamber were replaced with a new unique box 
configuration in order to use the same anchor bolts, but essentially attaching to the 
bolts deeper in the sill.  Dewatering of the main chamber occurred in the summer of 
2009, which was the first use of the “new” boxes.  All of the retrofits were done 
underwater using only divers.  Around the same time in 2001, the boxes in the 
auxiliary chamber were replaced with new cast steel boxes using the original drawings 
and attached to the existing anchor bolts.  Both systems still currently use the anchor 
bolts that have been underwater for 88 years.   

 

6.2.1.3 Navigation and Hydraulic Conditions 
 

The present configuration of the Emsworth locks presents a series of difficulties to 
safe and dependable navigation under all conditions and for all tows configurations.  These 
difficulties were aggravated by the pool raise of 1935 to 1938.  There is inadequate depth over 
the lower guard and gate sills in the lock chamber, and in the lower approach.  The outdraft 
toward the dam through the ported Upper Guard Wall and Guard Wall extension becomes a 
problem at a relatively low flow, namely a 40-foot opening of the dam gates (the river 
chamber officially shuts down at 95-foot gate opening).  At an 95-foot gate opening, it is safe 
to pull only one length of barges.  Both up and downbound tows must be “walked” in the 
upper approach.  The filling and emptying systems are highly unorthodox and contribute their 
own unique problems. 

 
This unique type of filling system has inherently caused a hydraulic condition within 

the chamber that is detrimental to the lockage procedure.  The filling ports, located at the 
bottom of the monoliths, and at 90 degree angles to the centerline of the lock chamber, cause 
an eddy to form.  The jet flow crosses the bottom of the chamber floor (causing a scour hole) 
impacts the Land Wall, travels up the Land Wall, and circulates back to the River Wall 
causing a whirlpool effect in the transverse plane of the lock chamber. This hydraulic 
condition causes tows, moored to the Land Wall or Middle Wall, to pull away from the wall 
imposing hawser loads greater than that for which the lock walls were originally designed.  
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The condition also imposes great loads to the tow securing lines.  This adverse effect is 
heightened if the chamber is filled too rapidly.  Emsworth recently experienced an accident 
during filling of the main 110-foot chamber as described above.  The direct cause of the 
accident was too rapid filling of the chamber, which imposed hawser forces that exceeded the 
strength of the primary securing line of the tow.  The line failed, and the tow impacted the 
upper miter gates. 

 
Other adverse effects due to this type of filling system include, inadequate control 

over the filling valves, unbalanced filling due to the filling ports being concentrated along the 
upper Middle Wall side of the chamber, and only one floating mooring bit, which is located 
within the row of filling ports.  Also, the chamber floor, unpaved conforming to the top of 
rock contour profile, has eroded at the upstream Middle Wall filling valve area.  A deep scour 
hole exists which has the potential for undermining the filling valve Monoliths M-6 through 
M-11 (STA 2+81.4A to STA 1+25.4A). 

 

6.2.1.4 Miter Gates and Filling and Emptying Valves 
 

The vertically framed miter gates in the 110-foot lock are in good condition.  The 
gates are relatively new (installed in 1979) but have suffered damage from barge impact.  Due 
to the low bottom clearance, and the tendency to close against obstructions, the bottom girder 
suffers considerable damage.  The bottom girder of the lower Land Wall leaf had to be 
replaced in 1995 and has experienced severe cracking of the bottom girder that has extended 
through the 2-1/2-inch thick bottom girder flange and half way into the web of the girder.  
The 56-foot lock gates are horizontally framed.  The refurbished 56-foot gates of the MRP did 
not hold up for very long and had to be replaced in 1994 (lower gates) and 1996 (upper gates).  
The gate’s top anchorage links and pins show signs of wear and rusting, with the pins 
rotating.  The 110-foot gate gudgeon pin link bars may be overstressed, particularly in the 
lower gates, when taking into account the results of metal fatigue. 

 
The filling and emptying valves of both chambers consist of several 5’-4” vertically 

pivoting butterfly valves mounted in 5-foot diameter ports.  These valves, and their operators, 
have been a source of problems requiring frequent maintenance, in addition to the cited 
hydraulic problems. 

 

6.2.2 Main and Back Channel Dams 
 

While the concrete in the dam piers is generally in fair condition, it shows advanced 
deterioration in localized areas, particularly the areas near the top of the piers on the 
downstream side.  The bridge deck concrete shows signs of scaling at the top and in low areas 
where water can pond; areas of fine cracks and local spalls occur at the underside of the slabs.  
The bulkhead storage pit concrete is in fair condition, except for small areas of deterioration 
in the main channel dam, and serious deterioration of the truck access ramp.  However, the 
bulkhead storage pit at the back channel dam is in very poor condition with critical areas, such 
as the runaway support piers being badly deteriorated.  The dam abutment in the main channel 
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is in fair condition, while the Neville Island abutment, of the back channel dam, is seriously 
deteriorated and contains major structural cracks. 

 
The vertical lift gates composed of two horizontal trusses, two vertical girders, 

diaphragms and end frames have undergone extensive rehabilitation efforts over the years.  
The on-going deterioration and numerous failures have lead to the total gate replacement 
through the rehabilitation project.  The replacement of the vertical lift gates is included in the 
current rehabilitation project for the Dam.   

 
The dam’s service bridges were inspected and found to be in poor condition.  

Corrosion under the crane rails and lack of expansion provisions is causing a number of 
problems.  The rehabilitation of the service bridge is included in the current rehabilitation 
project for the Dam.   
 

The original aging machinery is currently being replaced with modern direct 
connected hydraulic cylinders at the same time the lift gates are replaced.  This will insure 
reliable operation of the new gates, with precise leveling and positioning, and low 
maintenance.  The rehabilitation of the machinery is included in the current rehabilitation 
project for the Dam.   
 

The original aging electrical and control system is currently being replaced with 
modern equipment controls at the same time the lift gates are replaced.  This will insure 
reliable operation of the new gates, with precise leveling and positioning, and low 
maintenance. 
 

Scour of the streambed has been a recurring problem at both the Main Channel and the 
Back Channel dams.  The massive stone blanket placed during the major rehabilitation has 
failed in some places, and has had to be repaired.  Gaps, missing or sunken stones have 
reappeared in the massive derrick stone blanket 

 
Under the current Dams Rehabilitation project, the scour protection is undergoing 

systematic replacement for the dam.  As of 2008 the Main Channel Dam scour protection is 
currently under construction.  The Back Channel Dam is currently being designed.   

 
 
6.3 DASHIELDS LOCKS AND DAMS 

6.3.1 Locks 

6.3.1.1 Lock Walls 
 

The existing locks have been operated and maintained since August 1929 and suffer 
from age and deterioration of the concrete.  The fixed-crest dam, however, which is 
continuously under water, is considered to be of reasonable soundness. 
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A. Stability and Foundation Conditions 
 

While the overall properties of the foundation materials of the locks and dam are 
generally competent and adequate for the low lift project (10-foot), some of the construction 
procedures are questionable.  The more recent borings show a predominant number of 
poor/loose contacts between concrete and rock, with the wall bases generally found at the top 
of the rock.  Boring L-1 encountered a clay seam directly below the concrete rock contact; 
and boring L-6 shows Monolith L-19 founded on a thin shale layer overlying a thin coal seam 
above a thicker siltstone bed.   
 

The pre-MRP stability review showed most lock walls grossly deficient in stability 
under present-day criteria.  The MRP attempted to improve the stability, to a reduced level of 
safety in consideration of the projected 25-year life extension.  However, serious concerns 
exist over the effectiveness and reliability of the stressed (active) rock anchors used to 
improve stability margins.   

 
In light of the highly unorthodox foundation practices and current conditions, and in 

light of reduced stability standards and doubts about the effectiveness of the active anchors, 
the overall stability of the lock walls is uncertain.  The lock walls especially the land wall and 
middle walls rely on the structural integrity of the anchors for the lock walls to function.  
Specific areas of known or suspected deficient stability are: 
 

♦ Upper Guide Wall.  A stability review has found this wall totally unstable (0% base in 
compression base).  This wall has since been found to be moving riverward and, as 
such, is in active failure. 

 

 
FIGURE 6.3-A - Upstream Guide Wall at Upstream Boat Mooring Area (Crack in 

Land Side Face of Wall) 
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♦ Lower Guide Wall.  The stability review found this wall does not meeting present-day 
criteria.  The wall has since been found to be moving progressively riverward and, as 
such, is in active failure. 

 

 
FIGURE 6.3-B - Lower Guide Wall – Downstream End as Seen From the River 

Wall (Note Gouge in the Wall) 
 

B. Condition of Concrete 
 

The original concrete was deteriorated to depths between 1-foot to 3.9 feet vertically 
downward, and to depths between 0.1-foot to 2.9 feet horizontally from the face of the walls.  
Field observations indicate that water is reaching the deteriorated concrete under the 12-inch 
overlay emplaced during the MRP, and is causing the deteriorated concrete to become 
saturated.  Projections by WES suggest additional deterioration from freeze-thaw damage of 
the 0.24 inches per year vertically downward and 0.22 inches horizontally inward.  Thus the 
concrete can be expected to continue to deteriorate.  Age (80 years) and, lack of adequate 
design and construction standards have taken their toll on the project.  More specific 
conditions are as follows: 

 
♦ Upper Guide Wall.  The new reinforced concrete resurfacing is in good condition, 

with only occasional transverse cracks present, most noticeably at check posts.  The 
upper bullnose has experienced substantial concrete and armor damage due to barge 
impact.  A vertical transverse crack at the transition from the bullnose to a thin portion 
of the wall was pinned during the major rehabilitation.  Although pinning of the 
structural cracks during the MRP was an appropriate interim measure, it is 
questionable that this limited repair work has fully stabilized the crack, and restored 
continuity over the long term.  The progressive riverward movement of this wall is 
discussed later under stability considerations. 
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♦ Land Wall.  The new reinforced concrete overlay is in good condition with occasional 
random hairline cracking, originating from the check post locations, similar to the 
Upper Guide Wall.  The lock wall face remains in good condition, with only minor 
erosion at monolith joint locations.  Vertical longitudinal cracks are visible at the top 
of the wall running from the re-entrant corners of the valve machinery recess to the 
bulkhead recess at both emptying and filling valves.  As noted previously, these cracks 
were determined to be structural in nature and pinned in 1991.  The Land Wall gallery 
has a longitudinal crack present at the top riverside re-entrant corner for nearly the 
entire length of the gallery.  Again, pinning was appropriate for the short term but it is 
doubtful that pinning of these serious cracks has corrected the problem and restored 
continuity over the long term.   Water is leaking into the gallery from the culvert and 
from other areas around wall as shown in Figures 6.3-E and 6.3-F. 

 
♦ Lower Guide Wall.  The recent concrete resurfacing is in good condition.  The land 

face of the Lower Guide Wall remains in very poor condition, with severe spalling 
over various areas.  The river-face is in fair condition with surface spalling, gouges, 
cracks and roughness. Progressive riverward movement of this wall is also discussed 
later under stability considerations. 

 
♦ Middle Wall.  Similar to the Land Wall, the recent concrete overlay as well as the 

concrete refacing of the land side and river side faces of the Middle Wall is in good to 
fair condition.  The Middle Wall pipe gallery is in fair to poor condition with 
numerous and extensive cracks.  These cracks have, at places, propagated through the 
wall to the outer surface.  The upstream bullnose is damaged from tow impacts.  

 

 
FIGURE 6.3-C - Middle Wall – Monoliths M-22 and M-23 (As Viewed from the 

River Wall) 
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♦ Upper Guard Wall.  Similar to the Upper Guide Wall, the new concrete resurfacing is 
in good condition with only hairline cracks forming at check post locations.  Random 
cracking has formed in the shotcrete refacing of the land side face of the Upper Guard 
Wall  

 
♦ River Wall.  Similar to the other walls, the recent concrete overlay is in good condition 

with few, if any, noticeable random cracks.  In contrast, on the river-face of the River 
Wall, the shotcreting is missing in several locations, and random cracking is dominant 
at “shotcrete” repair areas.  The River Wall gallery is in poor condition with numerous 
and extensive cracks that have propagated, at places, through the new overlay or 
refacing.  Longitudinal cracks exist at both the river and land face top re-entrant 
corners of the gallery, for nearly the entire length.  The upstream bullnose is damaged 
from tow impacts. 

 
 

 
FIGURE 6.3-D - River Wall – River Side of Monolith R-25 (Note Undercut) 

 
♦ Lower Guard Wall.  The recent concrete resurfacing and the refacing on the landside 

of the Lower Guard Wall are in good condition.  However, the shotcrete repair areas 
have various random cracking. 

 
♦ Land Wall Gallery.  There are longitudinal cracks at the junction between the ceiling 

and riverside wall, and in the top center of the ceiling, with efflorescence at some of 
these cracks.  More frequent and larger cracks occur at audits, shafts and transitions in 
the gallery. 
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FIGURE 6.3-E - Land Wall Gallery Riverward Wall at Monoliths L-33L-/34 
 

 
FIGURE 6.3-F - Land Wall Gallery Riverward Wall at Monolith L-32 (At Valve Pit) 
 

♦ Middle Wall Gallery.  Generally the Middle Wall gallery is in fair to poor condition 
with gouging, spalling at monolith joints, efflorescence and cracking.  Monolith joint 
M-5/6 has moderate leakage coming from the auxiliary (river) chamber side.  The 
water leaks into a trench along the floor.  Monolith M-6 has cracks around the ladder 
way recess.  There is a crack, ¼-inch to ½-inch with exposed rebar, in Monolith M-6.  
There is a significant gouge in Monolith M-8, at the bottom corner and cracks in the 
ceiling.  Monolith M-11 has exposed rebars in the ceiling.  Monolith M-12 has a 
crack, approximately 1/8-inch to ¼-inch wide, at the corner of the ladder way recess, 
with efflorescence, and smaller cracks extending down the ladder way recess.  There is 



UPPER OHIO NAVIGATION STUDY                   Engineering Appendix  
 

 
 

 
 

GENERAL ENGINEERING REFERENCE DATA APPENDIX                    Page  6-17 

moderate leakage at Monolith joint M-16/17 and a crack, with efflorescence, is present 
along the ceiling in M-17, roughly at the centerline.  Monolith M-17 has a deep gouge 
on the River Wall side near the bottom corner.  Monolith M-20 has a similar gouge 
near the bottom corner.  The gouges noted above were reportedly cut out to allow for 
piping to fit beyond this narrow point.  Monolith joint M-21/22 has a spall, 
approximately 2-foot by 2-foot by a few inches deep, at the top corner and several 
various size cracks.  The conditions noted should be visually monitored at future 
inspections.  Monolith joint M18/M19 has separated enough that light is visible 
through the joint as shown in Figure 6.3-H 

 

 
FIGURE 6.3-G - Middle Wall Gallery Ceiling at Monolith M-8 

 

 
FIGURE 6.3-H - Middle Wall Gallery Riverward Wall at Monoliths M-18/M-19 

(Note Daylight Can Be Seen through Crack) 
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♦ River Wall Gallery.  The condition of the River Wall gallery is generally similar to the 

condition of the Middle Wall gallery.  Monolith joint R-9/R-10 is spalled the full 
height on the land face.  A patch at Monolith joint R-10/11 has separated from the 
base concrete.  There is a ¼-inch crack along the centerline of the ceiling in Monolith 
R-11, which contains efflorescence and stalactites.  Monolith joint R-14/15 is spalled 
across the ceiling and down both vertical faces.  Also, there are cracks, 3/16-inch to ¼-
inch thick, adjacent to the monolith joint.  Monolith R-15 has a crack, approximately 
20’ long, at the interface of the ceiling and the riverside wall with heavy efflorescence.  
Monolith joint R-15/16 has large spalls, and aggregate pop-outs.  The ceiling and the 
walls of the old hydropower turbine room have cracks with efflorescence and 4-inch 
stalactites.  Monoliths R-17 and R-20 each have a 30-foot long crack, with 
efflorescence at the interface of the ceiling and river wall.  A 1/16-inch to ¼-inch wide 
crack, with heavy efflorescence, is located near the centerline of the ceiling beginning 
at Monolith R-22, and extending to the midpoint of R-23. 

 

 
FIGURE 6.3-I - River Wall Gallery at Monolith R-20 Note Crack at Wall/Ceiling 

(River Face) 
 
C. Internal Stresses in Concrete 

 
Although no independent stress analyses have been performed on the Dashields Lock 

wall monoliths, due to similarities in age, geometry and loading conditions, the Montgomery 
stress analyses are considered representative of Dashields as well.  At Montgomery, a limited 
scope stress analysis was performed by the Corps Waterways Experiment Station to evaluate 
potential stress concentration around culverts and at abrupt changes in section.  Monoliths L-
17, M-8, M-10 and R-12 were analyzed.  The results showed tensile stresses around the 
culverts, and at changes in section (base of culvert at “toes”), in ranges from 120 to 290 psi 
and maximum values in excess of 800 psi.  The current ACI code recommends the modulus of 
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a rupture f’r be taken at 7.5 (f’c)1/2.  This equates to 530 psi for 5000 psi concrete.  However, 
the current Corps of Engineers policy is to design for no tension in concrete.  Compressive 
stresses at the base of the monoliths are as high as 1,200 psi for the lock dewatered condition.  
Tensile stresses in excess of 800 psi are too high for essentially unreinforced-concrete, and are 
conducive to local cracking and loss of structural integrity. 

 
 

110’ Gate Anchorages 
 

Concrete deterioration is apparent around and behind the thrust-bearing block of the 
top girder of the gate.  The extent and cause of the damage is not known, but could be due to 
crushing of the concrete weakened by freeze-thaw weathering.  The quoin area of the gate 
recess contains concrete, which is in poor condition.  Cracks have reoccurred in the 1-foot 
overlay above the gate anchorages.  The anchorage structural shapes and plates are necked 
down where they enter the concrete.  The gudgeon pin link bars may be overstressed, 
particularly for the lower gates, when taking in account metal fatigue. 
 
Structural Cracks in Valve and Gate Monoliths 
 

The recent inspection, and review of crack, surveys performed by WES, and recent 
crack surveys performed by the Pittsburgh District, reveal a high concentration of cracks in 
the concrete which are open, and believed to be working (opening and closing).  These cracks 
occur in the faces of culvert valve and bulkhead shafts, in the pipe galleries adjacent to these 
shafts and in the galleries adjacent to the gate recesses.  Some of the cracks extended to the 
top of the walls, before placement of the 12” overlay concrete during major rehabilitation; 
some have propagated through the overlay.  Some of the cracks are believed to extend 
through the floor of galleries, to the filling culverts.  The galleries adjacent to the cited 
features in the lock walls tend to be narrow and irregular in plan, with changes in direction 
and with associated recesses of the gate and valve operators, which contribute to discontinuity 
and weakened sections.  The monoliths most affected are: L-16, L-17, L-19 and L-20; L-30, 
L-31, L-32, L-33, L-34 and L-35; M-4, M-5, M-6, M-7, M-8, M-9 and M-10; M-18, M-19, 
M-20, M-21, M-23, and M-24; R-11, R-12, R-19, R-21, R-22, R-24 and R-25.  
 

It is believed that these cracks are of a structural nature and, as such, represent areas of 
great concern.  The forces which could have caused the cracks are: for cracks near valve and 
bulkhead shafts, the internal hydrostatic pressure from upper pool against the external 
pressure from lower pool (or no pressure during dewatering of the lock), and the valve 
trunnion reactions (both from water pressure and operator loads).  For cracks near the gate 
recesses; major forces are the gate top anchorage reaction, and the gate operator force.  The 
top anchorage maximum reaction at the gudgeon pin at Emsworth Locks upper gates in the 
110-foot lock is 411 kips.  Gudgeon pin reaction for Dashields and Montgomery upper 110-
foot lock gates is believed to be of the same order of magnitude, and to be somewhat greater 
for the lower gates.  Similar top anchorage loads, possibly smaller, occur at the 56-foot gates. 
These loads are believed to have initiated the cracks, assisted by the absence of reinforcing 
steel and by the presence of voids (galleries, recesses, and shafts) and irregular geometry. 
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It is further noted that the cited loads are repetitive in nature, and generally reverse at 
each cycle.  This loading, is highly conducive to crack propagation.  In the wet environment, 
the presence of water freezing in the cracks will induce additional pressure to increase, 
propagate and widen the crack itself. 
 
Cracks in Galleries and Various Monoliths 
 

All of the pipe galleries have longitudinal cracks in the ceiling or at the top corners.  In 
the Land Wall gallery, the cracks are generally fine (except those associated with valve 
monoliths).  The gallery cracks in the Middle and River Walls are generally wider, more 
continuous, and located in the ceiling of the wider gallery reaches or in a top corner at the 
narrower galleries.  These cracks seem to be working since they are open, have not sealed 
through deposition of carbonates, and are generally wet or seeping after a rainfall, in spite of 
the 12-inch concrete overlay added to the top of the wall.  These cracks connect with cracks 
mentioned above in the previous sub-section.  Other serious cracks exist in various locations 
of the lock walls: 

 
♦ Vertical crack in Monoliths L-1 and L-2.  This crack is very wide and can be traced in 

the front and back of the wall.  The crack was pinned during the major rehabilitation 
work.  See Plate 10 of Exhibit 2, Part 3. 

 
♦ A wide discontinuity exists between Monoliths L-49 and L-50.  It is not clear if this is 

a severely spalled monolith joint or a vertical crack. 
 

♦ A wide vertical crack in Monolith R-32 exists in both the land and river-face of the 
monolith, and extends the full height of the monolith to the water line.  If the crack 
continues to the span between the concrete piers that support R-32, it would have a 
severe adverse impact on the stability and integrity of the monolith. 

 
♦ The monolith joint between M-24 and M-25 is open on both the land and river-face, 

with an apparent greater separation near the water line.  This could be indicative of 
movement or settlement of either or both monoliths. 

 
♦ In several monoliths, oil stains on the walls of the gallery suggest communication of 

cracks with gate and valve machinery recesses above the gallery.  This was especially 
evident in Monolith L-32, where oil was observed seeping from a crack.  Monoliths in 
which the walls are oil stained or coated are L-32; near the lower miter gate recess, 
and L-35; a gate Monolith R-11, R-12, and R-13, near the upper miter gate of the 
small chamber; M-20 near the lower miter gate of the small chamber; M-24, a lower 
gate monolith, large chamber; M-5 an upper miter gate monolith, large chamber; and 
R-23 and R-24 in the downstream gate monolith of the River Wall. 
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6.3.1.2 Lock Sills 
 

The original sills were designed for the low lift (10’) requirement.  Even at that, many 
sills relied on “anchor bolts” embedded in a shallow amount in rock or concrete for their 
stability.  Some sills required additional anchoring during the MRP.  Most of these anchors 
consist of normal strength steel, without any corrosion protection, which have been 
underwater for 80 years. 
 

♦ 110’ lock Miter Sills.  Both of these sills rely, entirely on two rows of carbon steel 
anchors to resist the gate reaction.  The apron upstream of the sill proper is a scant 2 
feet lower than the sill. As the gate is swung to miter, it tends to “sweep” the apron 
and drag submerged objects against the sill.  This has happened repeatedly, damaging 
both the sill and the gates lower girder.  For these vertically framed gates, most of the 
gate reaction goes to the sill and not to a quoin block.  The gate reaction for the upper 
gates is 4.67 kips per foot and for the lower gates 10.00 kips per foot.  A gate leaf 
closing against an obstruction at mid-length produces a reaction of 283 kips applied at 
one point of the sill and half as much if the obstruction is at the end of the leaf.  For 
the lower gates, the reaction on the sill would be 605 kips for an obstacle at mid-span 
and 302-kips for an obstacle at the end.  Even under these sizeable loads, the sills have 
been relying on anchor bolts, some of which have been under water for 80 years. 

 
♦ Emergency Dam Sill-110’ Lock.  The structural frames (bottom-hinged beam and 

prop) have likewise been under water for 80 years.  The anchorages for the bottom 
hinges are the same “anchor bolts” that provides the sill stability.  An added problem 
is that each hinge has only 2 anchors, thus lacking in redundancy.  If one anchor fails, 
say due to corrosion, the frame will fail.  Note also that the frames themselves have 
also been underwater for 80 years. 

 
♦ Poiree Dam Sill – 56’ Chamber.  These sills were used for the erection of a 

maintenance closure, at the downstream end of the two chambers.  The sills also rely 
on “anchor bolts: for their stability and to anchor the poiree “boxes” which engages 
and supports the poiree trestles.  Again, there are only two anchors per box (no 
redundancy); the anchors have been underwater 80 years.  Both poiree dams at 
Dashields have failed either through rupture of the anchor(s), or of the boxes.  The 
Dashields sills are at a greater depth (17.33’), and had been under water only 60 years 
when they failed.  As noted elsewhere, the poiree dam in the 110 foot chamber was 
replaced during the MRP with a sill and slots cut in the walls to accept conventional 
maintenance bulkheads.  The maintenance bulkhead are used perform maintenance to 
the lock chamber and allow the chamber to be pumped out and un-watered.  Currently 
the maintenance bulkheads from Hannibal lock, located 113 river miles downstream 
from Dashields (four navigation lock and dam facilities from Dashields), are used on a 
temporary basis for maintenance repairs.   
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6.3.1.3 Navigation and Hydraulic Conditions 
 

Commercial river traffic, for which the existing lock facilities were designed, has 
changed considerably with respect to character, volume and size of tows.  These original 
structures were sized and located such that they were considered entirely adequate to handle 
the anticipated traffic throughout the economic life of the projects.  Obviously though all three 
of these projects have exceeded their economic life and evolutionary developments in the 
towing industry have resulted in situations and loadings which are outside the original design 
parameters.  The power of towboats has increased to a point that now permits operations to 
continue during periods of relatively high water, which formerly would have been sufficient 
to halt all shipping activity.  This increase in available power also enables longer and heavier 
tows to be moved.  These longer tows are far in excess of those for which the lock approaches 
were established, and when, combined with higher entrance velocities, during high flow 
periods, creates navigation difficulties.  The problem is particularly noticeable in the upper 
approach to the Montgomery Locks where the combination of approach angle and the river 
current creates an especially difficult situation.  The result, in addition to the hazard, is an 
increase in lockage time since the operators must exercise extreme care.  In addition, the extra 
length of lows requires double lockages, which also adds to the other costly delays. 

 
The present configuration of the Dashields locks presents a series of difficulties to safe 

and dependable navigation under all conditions, and for all tow configurations.  There is 
inadequate depth over the lower guard and gate sills and lower approach.  This creates a 
situation where the tow boats propellers “blow” water from beneath the boat, and the resultant 
wedge of water in front of the barges has in the past forced the tow back into the gates. 
 

The filling and emptying systems of both chambers are in good condition and function 
adequately.  The main problem consists in the loss of or damage to the intakes screen bars. 
This condition permits debris to enter the chambers and cause problems with damming the 
flow or in the worse case, jamming one of the butterfly valves. 
 

6.3.1.4 Miter Gates and Filling and Emptying Valves 
 

The vertically framed miter gates in the 110-foot chamber were installed in 1985 and 
are in good condition.  The upstream anchorages of the upper gates were deteriorated during a 
recent dewatering and had to be repaired.  The miter gates are constructed with the identical 
member sizes as the Emsworth gates, except overall height of the gate is different.  The 
bottom girder of the gate has not experienced the same level and severity of cracking as the 
Emsworth gates.  It is believe this is mainly due the lower lift at Dashields (10 feet) as 
compared to Emsworth (18 feet) 

 
The horizontally framed miter gates in the 56-foot chamber gates were installed during 

the rehabilitation project in 1988 to 1991 and are in good condition 
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The repair history of the gates indicate that over the 80 year life of the structure, on 37 
separate occasions, barge impacts damaged the lock gates to an extent requiring repair.  The 
frequency of required gate repairs caused from barge impact is approximately once every two 
years. This would be consistent with the hydraulic conditions noted in the previous paragraph.  
The navigation industry considers the lock approaches difficult to negotiate. 
 

6.3.1.5 Lock Mechanical Systems and Appurtenant Features 
 

All mechanical equipment on the locks, including the miter gate and valve machinery, 
the hydraulic, air and service water systems, and the tow haulage and retriever units, was 
replaced or refurbished during the major rehabilitation project in 1987 to 1990.  The purpose 
of the rehab was to extend the useful life of the project by approximately 25 years until it 
could be replaced.  While much of this equipment is in fair to good condition, it already 
outdated by both industry and Corps standards, and is quickly approaching its intended design 
life.  Current Corps of Engineers standard is to use hydraulic cylinders directly connected to 
the miter gates and valves because they offer improved reliability, reduced maintenance, and 
can be easily interfaced with the latest solid state controls to provide safe, reliable operation.  

 
Much of the hydraulic system is obsolete and replacement parts are difficult if not 

impossible to find. 
 

6.3.1.6 Lock Electrical Systems and Appurtenant Features 
 

All electrical distribution equipment was replaced or rehabilitated during the major 
rehabilitation projects in 1987 to 1990 and is in good condition. 

 
The lock control system while operational, does not take advantage of modern day 

technology.  Controllability, flexibility, and diagnostic capabilities are some of the advantages 
of modern day control systems utilizing programmable logic controller technology.  The 
various control systems utilize traditional relay-based controls.  As these systems continue to 
age, maintenance costs will increase. In addition, modifying or adding features to the control 
systems are complex and costly, requiring costly modifications such as additional relays and 
wiring.  Relay-based controls are very inflexible to upgrades and modifications to a control 
system. 
 

Some of the controls for the electrical and hydraulic equipment are very difficult to 
repair because parts are not available. 
 

Advances in technology through the use of solid state controls, such as programmable 
controllers, has become the standard for industry and lock control systems.  Guidance 
contained in EM 1110-2-2610 favor these type of controls.  Through this technology, 
unlimited amounts of control options including accurate and dependable information can be 
provided to the operators to insure safe and reliable locking. 
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6.3.2 Dam 

6.3.2.1 Fixed Crest Dam and Apron 
 

A. Stability 
 

The concrete fixed crest dam is stable and depending on the assumptions used for the 
tailwater retrogression assumptions used within the analysis, the dam can meet USACE 
stability analysis requirements.  The stability analysis performed neglects any detrimental 
effects from scouring effects and repairs downstream and under the dam.   
 

B. Concrete Condition 
 

Since the fixed crest concrete dam is constantly submerged under water the concrete, 
not routinely subjected to freeze/thawing action, the concrete has been protected from most 
environmental forces.  The condition of the concrete is in fair condition with the primary 
detrimental problems is abrasion of the surface from water and debris flowing over the dam 
and from localized impacts from barges, boat and general debris.   
 

6.3.2.2 Condition of Dam Abutment 
 

A.  Stability 
 

The stability of the dam abutment does not meet the current USACE design criteria for 
gravity walls on prepared rock foundations.  Depending on the assumptions used for tailwater 
retrogression of the abutment monoliths below the dam, the abutment monoliths become 
unstable.   
 

B. Concrete Condition 
 
From previous borings, the concrete is badly deteriorated to an average depth of 1’ 

both vertically and horizontally.  The top surfaces are severally spalled and the vertical 
surfaces are heavily cracked.  Figure 6.6-J shows the heavily deteriorated concrete top surface 
of the concrete abutment and deteriorating horizontal and sloping concrete paving protection.   
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FIGURE 6.3-J - Heavily Deteriorated Dam Abutment  

6.3.2.3 Scour Downstream of Dam 
 

A review of the Lockmaster’s soundings taken in the 1990’s reveals progressively 
increasing depths downstream of the dam apron.  It is not clear how close to the dam these 
soundings can be taken in view of the severe turbulence.  The 1995 soundings show a 650’ 
contour from the River Wall to the dam abutment (which corresponds to a 32’ depth) and 
most readings between this contour and the dam generally are greater than 32’.  This suggests 
that the river bottom is below the top of the apron E1.657.0, and would also be below the 
bottom of the concrete.  In this case, the major rehabilitation tremie concrete would have 
washed away.  This would again, place the dam on the rock ledge.  The 1991 diver’s report 
relates that the tremie concrete was in place and averaged 2’ below the top of the apron.  This 
situation pertaining to a return of a scour problem is of course very critical, however, it is very 
difficult to get divers’ close to the dam without extraordinary measures to divert flow, 
measures that could be included in a construction contract. 
 
 
6.4 MONTGOMERY LOCKS AND DAM 
 

6.4.1 Locks 

6.4.1.1 Lock Walls 
 

The existing locks have been operated and maintained since June 1936 and suffer from 
aged deterioration with a significant number of structural cracks that compromise the integrity 
of the lock wall monoliths.  Additionally the concrete of the gated dam shows evidence of 
serious deterioration problems. 
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A. Stability and Foundation Conditions 

 
The stability review of lock wall structures made prior to the major rehabilitation 

project, showed that most walls were grossly deficient under the current-day criteria.  As a 
result of this analysis, the major rehabilitation project attempted to improve the stability 
issues, but to a reduced level of safety, considering that the purpose of the rehabilitation was 
to extend the life of the project by only 25-years.  Passive (non-stressed) anchors were 
installed within lock wall monoliths to improve their stability margins.  However, serious 
concerns exist over the effectiveness and reliability of such a system.  Passive (non-stressed) 
anchors were selected because of concerns over applying anchor loads to thin and deteriorated 
concrete sections.  All of the lock wall monoliths required a significant number of passive 
rock anchors, which were installed through the “toes” of the walls.  As such, even if fully 
effective, the anchors only improve the stability of the bases, but provide no reinforcing and 
anchorage to the slender wall sections at a lift joint location, and at the floor of the culverts.  It 
is also noted that no stabilizing measures were provided for the Upper and Lower Guide and 
Guard Walls since their stability was considered at the time as a “non-critical” nature, and due 
to the brief term (25 years) of the rehabilitation project. 

 
In light of the highly unorthodox foundation practices and current conditions, and in 

light of reduced stability standards and doubts about the effectiveness of the passive anchors, 
the overall stability of the lock walls is believed to be uncertain.  The lock walls especially the 
land wall and river walls rely on the structural integrity of the anchors for the lock walls to 
function.   

 
B. Condition of Concrete 

 
Investigation made prior to the major rehabilitation project found that the original lock 

wall concrete was deteriorated to depths ranging from less than 1.0-foot to 1.2 feet vertically 
downward, and to depths of less than 1-foot horizontally from the face of the walls.  A 12-
inch concrete overlay and repairs to select areas of the vertical lock wall faces were made 
during the major rehabilitation project in an attempt to encapsulate the old deteriorated 
concrete and mitigate the effects that freezing-thawing actions had on the older non-air 
entrained material.  However, field observations made since the rehabilitation indicate that 
water is still reaching the deteriorated concrete, and is causing the deteriorated concrete to 
become saturated.  Freeze-thaw damage projections by ERDC estimate that additional 
deterioration at a rate of approximately 0.20 inches per year vertically downward and 0.11 
inches per year horizontally inward will continue to occur within these lock walls.  It’s age 
(73 years), the lack of adequate design and construction standards combined with the high 
usage rate have taken their toll on this project.  More detailed conditions of specific walls are 
as follows: 
 

♦ Upper Guide Wall.  The Upper Guide Wall and Upper Guide Wall extension are in 
fair condition.  The top surface of these walls was selectively repaired during the 
major rehabilitation project.  Patching consisted of thin overlay material, which has 
since experienced “map” cracking.  Monoliths L-11 and L-12 received a 12-inch thick 
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reinforced concrete overlay during the rehabilitation.  The river-face and exposed land 
face are in fair condition.  Monolith joints are spalled up to 6-inches on each side of 
the joint, along the river-face of the wall. 

 
♦ Land Wall.  The reinforced concrete overlay placed during the major rehabilitation 

project, between 1985 to 1989, is in good to fair condition.  Cracking has occurred 
throughout the overlay and extends from almost all recess corners, check posts, 
handrail posts and top corner protection joints.  Several of these cracks have reflected 
from crack planes within the original underlying concrete.  The vertical face of the 
land wall received limited shotcrete patching and some joint repairs.  The patches 
show some cracks and have separated at places from the old concrete.  There are 
spalled joints and a few large vertical and horizontal cracks.  The shotcrete coated gate 
recesses are in poor condition with cracks, and some separation in the shotcrete from 
the underlying concrete.  The concrete in the quoin area of the gate recesses, and 
around the top gate girder thrust block, is in poor condition. 

 

 
FIGURE 6.4-A - Land Wall Gallery – North Wall of Filling Valve Chamber 
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FIGURE 6.4-B - Land Wall Gallery (Note Amount of Water Flowing in the 

Drainage Trench) 

♦ Lower Guide Wall.  The thin 4-inch concrete overlay and selective patching are in 
good condition, except for several transverse cracks per monolith in the thin overlay, 
and “map” cracking in the patches.  The river and land faces are in good condition 
with some local weathering evident, and with some spalling of the monolith joints. 

 
♦ Middle Wall.  Conditions of these walls are similar to those in the land wall.  

Reflective cracking is evident as in the land wall above gate anchorages and valve and 
bulkhead recesses.  Considerable damage has occurred at monolith joints and 
horizontal lift joints, with heavy abrasion damage present in areas not protected by 
wall armor. 

 

 
FIGURE 6.4-C - View of Land Side of Middle Wall in the Vicinity of the 200’ 

Marker 
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♦ Upper Guard Wall Extension Cells.  The cells are in generally good condition.  Major 
restructuring work was performed in 1984, prior to the rehabilitation of 1985 to 1989, 
including encasing the cells with new sheet piling, and provision of a new concrete 
cap and new fender system. 

 
♦ Upper Guard Wall.  The upper guard wall was selectively repaired during the 

rehabilitation.  The concrete is deteriorated to a greater extent at the upper pool line.  
The upper guard wall was originally designed as a ported structure.  Due to adverse 
navigation conditions, the lower half of these ports was closed in 1938, using steel and 
timber panels.  Apparently, as reported in the Fourth Periodic Inspection Report, at 
least one of these timber closures has partially or completely failed. 

 

 
FIGURE 6.4-D - Upper Guard Wall   

 
♦ River Wall.  The reinforced concrete overlay placed during the rehabilitation is in 

good to fair condition.  The fair condition is noted due to the amount of cracking that 
has occurred.  The latest periodic inspection reports that these cracks do not appear to 
have changed from the previous periodic inspection report.  Continued monitoring of 
these cracks should continue.  The River Wall gallery concrete is in fair condition with 
the typical cracking occurring at the top corners, and with some heavy leaching. 

 
♦ Lower Guard Wall.  Along the Lower Guard Wall, from Monoliths R-26 to R-32, only 

one area of Monolith R-28 was repaired during the major rehabilitation.  The original 
concrete is in good to fair condition. 

 
C. Internal Stresses in Concrete 

 
A limited scope stress analysis was performed by the Waterways Experiment Station 

(ERDC) to evaluate potential stress concentration around culverts and at abrupt changes in 
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section.  Monoliths L-17, M-8, M-10 and R-12 were analyzed.  The results showed tensile 
stresses around the culverts and at changes in section (base of culvert at “toes”) in ranges 
from 120 to 290 psi and to maximum values in excess of 800 psi.  Compressive stresses at the 
base of the monoliths are as high as 1200 psi when the lock was in the dewatered condition. 
Tensile stresses in excess of 800 psi are too high for essentially non-reinforced concrete.  
These magnitudes of tensile stress significantly contribute to the propagation of cracks and 
loss of structural integrity.  The current ACI code recommends the modulus of a rupture f’r be 
taken at 7.5 (f’c)1/2.  This equates to 530 psi for 5000 psi concrete.  However, the current 
USACE design guidance allows for no tension in concrete. It is also noted that all of the 
unstressed rock anchors, used to improve the stability of the lock walls, start at the base of the 
culverts (located in the “toes”) and, as such, while they may be holding the base down, they 
provide no anchorage to the narrower upper section of the monoliths from the base of the 
culverts up. 
 

D. Cracks in Concrete 
 
Significant cracks in the concrete have occurred and continue to occur in many areas, walls 
and features at the facility.  Specific areas of known or suspected deficiency are: 
 
Deterioration at Miter Gate Anchorages   

Concrete deterioration is apparent around and behind the thrust bearing for the gates 
top girder.  The extent and cause of the damage is not known, but could be due to crushing of 
concrete that has been weakened by freeze-thaw weathering.  Concrete in the quoin area of 
the gate recess is in poor condition.  Cracks have reoccurred in the 12-inch concrete overlay 
placed above the gate anchorages during the rehabilitation.  The anchorages structural shapes 
and plates are somewhat necked down where they enter the concrete.  The gudgeon pin link 
bars are likely overstressed, particularly for the lower gates, when taking in account metal 
fatigue, and recognizing gudgeon pin reactions of the order of 400 kips or greater. 

 
Structural Cracks in Valve and Gate Monoliths   

Review of the periodic inspection reports, crack surveys performed by WES, and more 
recent crack surveys performed by the Pittsburgh District in 2000, reveal a high concentration 
of cracks in the lock wall concrete, many of which are open and believed to be working.  The 
most significant cracks occur in the faces of culvert valve and bulkhead shafts, in the pipe 
galleries adjacent to these shafts and in the galleries adjacent to the gate recesses.  Some of 
the cracks extended to the top of the lock walls before the 12-inch reinforced concrete overlay 
was placed during major rehabilitation.  It is noted that some of these cracks have propagated 
through the new overlay.  Also, and more concerning is the fact that some of these cracks 
(mostly within the vicinity of the valves) have extended from the floor of galleries to the 
filling culverts, and observation from the chambers indicates two locations in the middle wall 
where flowing cracks may be fully developed and communicating from the faces of the wall 
to the culvert.  The galleries adjacent to the cited features in the lock walls tend to be narrow 
and irregular in plan, with changes in direction and with associated recesses of the gate and 
valve operators contributing to discontinuity and weakened sections.  The monoliths most 
affected are: L-15, L-17, L-18 and L-19; L-30, L-31, L-33, L-34 and; M-3, M-4,  M-7, M-8,  
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and M-9; M-18, M-19, M-20, M-21,  and M-23; R-10, R-11, R-12, R-13, R-21, R-22 and     
R-23.  
 

 
FIGURE 6.4-E - River Wall Gallery (Note Crack and Stalactites at Monoliths R-

10/R-11) 
 

 
FIGURE 6.4-F - Middle Wall Gallery at Monolith M-19 

 
It is believed that these cracks are of a structural nature caused by tensile stresses 

above that which the non-reinforced concrete can carry and, as such represent areas of great 
concern.  The forces that could have caused the cracks are:  
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i) For cracks near valve and bulkhead shafts, the internal hydrostatic pressure 
from upper pool against the external pressure from lower pool (or no pressure during 
dewatering of the lock) and the valve trunnion reactions (both from water pressure and 
operator loads).  
 
ii) For cracks near the gate recesses, major forces are the gate top anchorage 
reaction and the gate operator force.  The top anchorage maximum reaction at the 
gudgeon pin at Emsworth Locks upper gates in the 110-foot lock is 411kips.  Gudgeon 
pin reaction for Dashields and Montgomery upper 110-foot lock gates are believed to 
be of the same order of magnitude and to be somewhat greater for the lower gates.  
Similar top anchorage loads, possibly smaller, occur at the 56-foot gates. 

 
These loads are believed to have initiated the cracks, assisted by the absence of 

reinforcing steel and by the presence of voids (galleries, recesses, shafts) and irregular 
geometry, which cause areas of stress concentration.  
 

It is further noted that the cited loads are repetitive in nature and generally reverse at 
each cycle.  This loading, is highly conducive to crack propagation.  In the wet environment, 
the presence of water freezing in the cracks would induce additional pressure to increase, 
propagate and widen the crack itself. 
 
Cracks in Galleries and Various Monoliths 

All of the pipe galleries have longitudinal cracks in the ceiling or top corners.  In the 
end wall gallery, the cracks are generally fine (except those associated with valve and gate 
monoliths).  The gallery cracks in the Middle and River Walls are generally wider; more 
continuous; and located in the ceiling of the wider gallery reaches or in top corner at the 
narrower galleries.  These cracks seem to be working since they are open, have not sealed 
through deposition of carbonates and are generally wet and seeping after a rainfall, in spite of 
the 12-inch concrete overlay added to the top of the wall.  These cracks connect with cracks 
mentioned in the previous paragraphs.  Figure 6.4-A and Figure 6.4-B show significant 
cracking within the middle wall monolith M-8, with water flowing from the floor in the 
gallery.  This water is flowing from the lock chamber culvert located at a lower level below 
the gallery and flows into the gallery through the cracking every time the lock chamber is 
cycled from lower pool to upper pool.   
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FIGURE 6.4-G - Vertical Crack on Upstream Wall of Monolith M-8 in Gallery 

 

 
FIGURE 6.4-H - Crack in Monolith M-8 Gallery, Extending from Upstream Wall to 

Floor in Downstream Direction   
Note significant water flow exiting crack from lock filling and emptying culvert 

located within the wall below the gallery. 
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6.4.1.2 Lock Sills 
 
All lock sills were found to be stable for the normal operating condition, but none met the 
percent active base required for the maintenance condition in accordance with the current 
design criteria (EM 1110-2-2200), with results as follows: 
 
           56-foot Chamber     110-foot Chamber 
 Upstream Miter Sills    50.7%    47.5% 
 Upstream Guard Sills   36.5%    100% 
 Downstream Miter Sills  54.3%    40.7% 
 
In spite of these results, no stabilizing measures were taken during the major rehabilitation 
work for the sills.  Other areas of concerns also remain, specifically: 
 

♦ Emergency Dam Sill - Main (110-foot) Chamber Lock.  This emergency dam sill is a 
full gravity section that does not rely on anchors for its stability.  The real problem, 
however, is that both the upstream beam hinge and the prop beam hinge are anchored 
with two anchor bolts each, which have been under water for 73 years.  The anchorage 
system, therefore, has no redundancy.  If one anchor fails, the hinge and frame will 
also fail.  The anchors, of course, could fail because of corrosion weakening.  This 
same concern applies to the entire frame, hinge, pin and plate work system questioning 
what condition are they in after 73 years underwater. 

 
♦ Main (110-foot) Chamber -Upstream Miter Sill.  The upstream miter sill of the main 

lock chamber is a full gravity section that does not rely on anchors for its stability.  As 
stated above, the sill does not meet stability requirements for the maintenance 
condition.  Normal operation loading results in a gate reaction on the sill of 5.33 
kips/foot.  The real problem is that the gates are prone to sweeping debris against the 
sill due to the lack of adequate depth between the bottom girder of the gate and the sill 
upstream apron.  This has been a recurring problem and has caused local spalling of 
sill concrete and distortion of the sill beam.  As a result, the bottom girder of the 
original miter gate leafs were found at times badly distorted, warped and buckled.  
Even the current miter gates, which are design of welded construction, higher strength 
steel, and with stronger girder, have been noted to deformed and distorted.  With the 
gate closing against an obstruction at mid-span along the sill, theoretically, the full 
gate reaction of 320 kips, would be applied at one point of the sill.  If the obstruction 
occurs at the miter end, 160 kips would be applied at that point.  The sill, as presently 
constructed, makes no allowances of these concentrated loads. 

 
♦ Main (110-foot) Chamber – Downstream Miter Sill.  The make-up of the downstream 

miter gate sill is similar to that of the upstream sill with, however, some significant 
differences:  the depth of water over the sill is only 14.75 feet as compared to the 17.0 
feet of clearance over the upstream sill; and the gate thrust on the downstream sill is 
18.27 kips per foot.  Thus, the gate reaction on the downstream sill with an obstruction 
at mid-span would be 1,096 kips; and for an obstruction near the miter and, 548 kips.  
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The downstream sill has withstood this loading when the bottom beam on the gate has 
deformed. However, it is only a matter of time when the sill would fail and result in a 
major closure of the main chamber for repairs. 

 
♦ Poiree Dam Sills – Main and Auxiliary Chambers.  Both poiree dam sills (56-foot and 

110-foot chambers) are built integrally within the downstream miter sills and are not 
stable as stated above.  However, this is not the primary concern, which is focused 
directly on the poiree dams themselves.  There exists a well documented history of 
poiree dam failures within the Corps of Engineers.  Most recently, the poiree dam of 
the main lock chamber at Dashields Locks failed prior to the major rehabilitation 
project, while attempting to dewater the lock, and a second poiree failure occurred in 
the adjacent auxiliary (56-foot) chamber while it was in use during major 
rehabilitation work.  Because of the shallow depth of water over the sills, the poiree 
dam boxes are exposed to damage from deep drafting barges.  The periodic inspection 
reports for Montgomery indicates that a poiree box with one side broken off.  Previous 
failures of poiree boxes revealed cracking of boxes castings as well as failure of 
anchors.  The already dismal record of poiree dam failures should discourage use of 
these closures at all projects.  The problem becomes particularly more acute with age 
and in view of the lack of redundancy in the system, particularly the two anchor boxes. 

 

6.4.1.3 Navigation and Hydraulic Conditions 
 

A. Locking Efficiencies 
 
Commercial river traffic for which the existing lock facilities were designed has 

changed considerably with respect to character, volume and size of tows.  These original 
structures were sized and located such that they were considered entirely adequate to handle 
the anticipated traffic throughout the economic life of the projects.  Obviously though all three 
of these projects have exceeded their economic life and evolutionary developments in the 
towing industry have resulted in situations and loadings which are outside the original design 
parameters.  The power of towboats has increased to a point that now permits operations to 
continue during periods of relatively high water, which formerly would have been sufficient 
to halt all shipping activity.  This increase in available power also enables longer and heavier 
tows to be moved.  These longer tows are far in excess of those for which the lock approaches 
were established and this, combined with higher entrance velocities during high flow periods, 
creates navigation difficulties.  The problem is particularly noticeable in the upstream 
approach to the Montgomery Locks where the combination of approach angle and river 
current creates an especially difficult situation.  The result, in addition to the hazard, is an 
increase in lockage time since the operators must exercise extreme care.  In addition, the extra 
length of tows requires double locking (or cuts), which further increases the time necessary to 
lock through this facility.  
 

There is inadequate depth over the lower guard and gate sills and lower approach.  
This creates a situation where the tow boats propellers “blow” water from beneath the boat 
and the resultant wedge of water in front of the barges forces the tow back into the gates.  The 
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110-foot lock chamber is only 590’-8” long from the upper sill to the lower gate recess.  With 
the newer 200’ barges, a tow made up of 3-lengths of barges will not fit into the lock 
chamber.  This result in the tow being broken and two lockages made in order to pass the tow 
through the system. 

 
B. Chamber Filling and Emptying  

 
The filling and emptying systems of both chambers are in good condition and function 

adequately.  The main problem consists in the loss or damage of the intakes screen bars and of 
the tendency to scour the areas adjacent to the emptying ports (lower sills and Lower Guide 
and Guard Walls. 
 

C. Approach Conditions 
 

The present configuration of the Montgomery locks poses a variety of problematic 
issues that compromise the quality, dependability, efficiency and safety of navigating this 
facility under all river stage conditions and for all tow configurations.  At a relatively low 
flow with only 20 to 25 feet of dam gate opening, a significant and dangerous outdraft, which 
draws tows toward the dam, develops through the ported upstream guard wall and extension.  
At higher openings of the dam gates, approach time increases significantly.  In spite of these 
precautions, tows still have a tendency to strike guide and guard walls, bullnoses and the 
upper miter gates.  Since 2005, two significant accidents have occurred that are attributed in 
part to the outdraft problems associated with this facility.  In 2005, a tow boat and its barges 
were lost through the dam resulting in multiple fatalities.  Again in 2006 a barge negotiating 
an upstream approach collided with the upstream guide wall causing the barges to become 
separated and migrated from the guide wall toward the dam, resulting in the loss of three 
barges through the dam.  This second accident resulted in the destruction of two of the ten 
dam gates, which subsequently have been replaced and returned to dam operation.   

 
At a dam gate opening of 65-feet or more the auxiliary (56-foot) chamber must be shut 

down.  Also the 56-foot chamber tends to silt-up, as does the lower approach.   
 

6.4.1.4 Miter Gates and Filling and Emptying Valves 
 

As with Emsworth and Dashields, Montgomery Locks have an extensive history of 
barge impact damage to the miter gates.  From the time the locks were placed in operation in 
1936, prior to the major rehabilitation program, the locks miter gates required repairs from 
barge impact 43-times in 46 years.  Between 1982 and 1999, the gates were damaged 11 
times.  This frequency of approximately once a year is indicative of the navigation problems 
noted above. 

 
New miter gates were installed in 1985 and are in good condition, with only minor 

leakage.  The 110-foot lower gates were subject to violent vibration at a stage during the 
filling cycle of the lock.  Repairs to the sill beam corrected the problem.  New valves were 
installed in 1989 during the MRP and are functioning with no problems. 
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6.4.1.5 Lock Electrical Systems and Appurtenant Features 
 

All electrical distribution equipment was replaced or rehabilitated during the major 
rehabilitation project between 1985 thru 1989 and appears in good condition.  The lock 
control system while operational, does not take advantage of modern day technology.  
Controllability, flexibility, and diagnostic capabilities are some of the advantages of modern 
day control systems utilizing programmable logic controller technology. 
 

The existing interlock system contains only one limit switch at the miter gate and falls 
short of the current design requirements within EM 1110-2-2703.  The Engineering Manual 
requires the position of the miter gate and valve position be included in the interlock control 
scheme. 

 
The various control systems utilize traditional relay-based controls.  As these systems 

continue to age, maintenance costs will increase.  In addition, modifying or adding features to 
the control systems are complex and costly, requiring costly modifications such as additional 
relays and wiring.  Relay-based controls are very inflexible to upgrades and modification to a 
control system. 

 
Advances in technology through the use of solid state controls, such as programmable 

controllers, has become the standard for industry and lock control systems.  Guidance 
contained in EM 1110-2-2610 favor these type of controls.  Through this technology, 
unlimited amounts of control options including accurate and dependable information can be 
provided to the operators to insure safe and reliable locking. 

 

6.4.2 Dam 
 

The stability of the fixed crest dam and the dam abutment do not meet present-day 
standards and criteria under the normal operating conditions when accounting for the effects 
from water level retrogression.  The concrete in the dam piers was in a much more 
deteriorated condition than the concrete in the locks, as it has been described above.  
Laboratory test results indicated that the severe deterioration and cracking was due in part to 
alkali reactive aggregate, as well as freeze-thaw damage of the non-air-entrained concrete.  
The large horizontal and vertical cracks in the pier side faces that were generally injected with 
epoxy are mostly holding up.  Some, however, seem to have reopened and gotten larger. 

 
The dam gates are heavily deteriorated with missing and large amount of steel section 

loss due to the deterioration.  Soundings complete in June of 2007 along with diver 
inspections indicate a very serious scour condition along the downstream extent of the apron, 
especially concentrated immediately downstream of Gate Bay #1 (lock side of the dam) and 
Gate Bay #7.  Thus it is apparent that the scour tendency and problem will continue to be an 
area of concern.  In 2008 an emergency repairs were performed to fill the scour hole that 
formed immediately downstream of Gate Bay #1.   
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7. PROBLEM IDENTIFICATION 
 
7.1 GENERAL 
 

This section summarizes the major problems with the existing navigation projects and 
the expected and/or possible consequences if the problems are not corrected.   
 
7.2 INTRODUCTION 
 

Seven major problems were identified for the Upper Ohio River navigation system of 
Emsworth, Dashields and Montgomery locks and dams:  
 

♦ poor foundations 
♦ stability 
♦ deteriorating concrete 
♦ structural cracks and internal stresses 
♦ structural problems 
♦ small locks 
♦ inadequate approach areas 

 
Foundations and concrete are components of the structure of the projects, and are 

described in the following paragraphs under that heading.  The possible consequences of poor 
foundations and/or deteriorating concrete are the failure of major structural components 
resulting in unscheduled lock chamber closures or loss of pool.  Stability, structural cracks, 
internal stresses and other structural problems are described in the following paragraphs under 
specific headings.  The possible consequences of these types of structural problems are also 
the failure of major structural components resulting in unscheduled lock chamber closures, 
significant damages, or loss of pool.  Lock size and approach areas are navigational features 
of the facilities.  Small lock sizes and approach areas generally reflect the fact that the projects 
were constructed in an era when tows were small and traffic levels were low.  The 
consequences of small locks and short approach areas, given today’s tow sizes and traffic 
levels, are complicated towing operations, high traffic delays, and greater risk of accidents.  
These problems and their possible consequences are described in the following paragraphs. 
 
7.3 STRUCTURAL CONDITIONS 
 

7.3.1 General 
 

The structural conditions of the existing facilities were evaluated with the following 
sources of information – District Periodic Inspection Reports and structural and stability 
computations, diver observations of the dam apron and foundation conditions, and Waterway 
Experiment Station (WES) Condition Surveys of the locks conducted during the 1970’s and 
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1980’s.  The WES Condition Surveys primarily involved core sampling and analysis of lock 
wall concrete and foundation material and some limited stability and stress analyses.   

 
The structural deficiencies of each facility can be categorized in the areas of concern 

deterioration, and foundation condition.  The primary causes of concrete deterioration 
occurring at the three existing structures are freeze/thaw cycles, barge impacts, and poor 
construction techniques.  The visible effects of concrete deterioration include gouging and 
cracking of surfaces but the defects can also extend throughout the concrete wall sections 
(monoliths) and threaten their structural integrity.  Deteriorated portions of monoliths could 
fall into a lock chamber and endanger lives.  Concerns about the foundation conditions 
include weak bearing material, excessive pile loading, and washout of the foundation 
material.  The visible effects of foundation condition problems include movement of entire 
monoliths.  Movement of monolith sections or entire monoliths could lead to safety hazards or 
render a lock inoperable.  These situations would require, at a minimum, more costly 
maintenance actions or even emergency (unscheduled) repair and a possible corresponding 
closure of a lock or both locks.  Emergency repairs would entail some risk to work crews and 
unscheduled lock closures would be more costly to navigation interests then scheduled 
maintenance closures since they have limited time to make alternate plans.  A movement of 
one or more dam monoliths or critical lock monoliths during a lockage operation could lead to 
a loss of pool.  This would be particularly devastating since both navigation and water users in 
the affected pool would incur additional costs.  On the Monongahela River the Maxwell pool 
has been lost three times.   In 1985, barges were swept loose by flood waters and became 
lodged in several gates at the Maxwell dam.  The pool was lost for about two months and the 
resulting losses to industry (navigation and other water users) were estimated to be about $1 
million per day.  A loss of the Emsworth pool, which controls the pool at the point in 
Pittsburgh, would effectively shut down all three rivers and have a devastating impact on 
economic, social, and public health aspects of the Pittsburgh Metropolitan area. 

 
Stability deficiencies can result from inadequate initial standards, changes in loading 

conditions, dependence on anchorages of uncertain or temporary nature, foundation problems 
as cited above, and other problems.  Potential consequences are similar to those cited above 
for movement of entire monoliths.  The extent of the impact varies with the size and location 
of the structure affected.  For instance, failure of a Middle Wall monolith(s) would shutdown 
both locks for a significant amount of time, and more than likely result in loss of pool.  
Failure of a dam pier would result in loss of two gates, the service bridge spans, and almost 
certainly loss of pool.  Failure of a miter gate or bulkhead sill would result in damage or loss 
of the gates and the bulkhead, and the likely loss of pool. 

 
The presence of structural cracks and adverse internal stresses can result from faults in 

initial design, increases in loads, deterioration of materials, and other causes.  Potential 
consequences of a failure resulting from cracks or overstressing again vary with the extent 
and location of the failure.  Failure of cracked gate or valve monoliths could result in loss of 
the gates or valve, costly emergency repairs, lengthy lock closure, and likely loss of pool.  
Similarly, failure of a lock wall monolith(s) with thin and deteriorated sections around 
culverts would cause similar and more severe consequences. 
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Other structural problems can result from deterioration due to age, corrosion of metals, 
fatigue of materials due to repetitive loading, unusual loading such as impact or ice, where 
such loads were not recognized in the original design.  Potential consequences also depend on 
the extent and location of the failure.  If the top gate anchorage fails in the metal components 
or in the concrete, the results would be loss of the gate and likely loss of pool.  If a dam gate 
fails because of excessive weakening due to corrosion, or because of impact or ice loading, 
loss of pool could result, particularly if more than one gate fails while the bulkheads are 
emplaced in other bays. 

 
The following is a summary of the findings for the seven major structural components 

of the existing structures, the twin locks and dam(s) at each location.  Also included for each 
component are the potential consequences, if the problems are not corrected in a timely 
manner.  In addition to economic consequences safety of employees, deck hands and the 
recreational public could be jeopardized. 
 

7.3.2 Emsworth Locks and Dams 

7.3.2.1 Locks 
 

In general, the locks at Emsworth are in poor condition except for the newer concrete 
surfaces such as the top of the wall overlay, the limited local refacing with wall armor, and the 
relatively new lock gates.  The newer concrete surfaces are, in reality, cosmetic in nature 
hiding the true condition of the project. 

 
A. Foundations 

 
The original construction practice of setting the foundations at the top of rock presents 

several adverse conditions, such as steeply sloping and stepped up bases, closeness to weak 
underlying strata seams, and setting the bases of critical monoliths on a rock ledge in a 
“perched” condition.  Modern construction practices frown on this type of foundation 
preferring instead to embed the monoliths into rock with the concrete/rock interface on a flat 
plane of firm, durable rock. 
 

A wall or monolith section foundation failure resulting from slippage along the plane 
of contact, settlement or rotation resulting in a collapse of substrata, or rotation resulting from 
the shearing of a wall type foundation will most likely be catastrophic.  Such a failure will 
result in property damage and loss of use of one or both lock chambers, and may also result in 
damage to a tow with the potential of loss of life.  Loss of a middle wall gate monolith would 
be catastrophic and most likely result in loss of pool if it occurred with the other gate open, 
since miter gates cannot be safely closed in flowing water. 

 
Depending on the location, loss of a section of a wall could adversely affect the use of one or 
both chambers for an extended period of time. 
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B. Stability 
 

Existing deficiencies in stability were aggravated in 1937 by the pool raise.  
Improvements made in 1981 to 1986 fell short of meeting present-day criteria and, in 
retrospect, may not be performing the intended function.  Certain components, such as the 
Upper Guide Wall, were left totally deficient in stability.  Certain critical monoliths are 
known to have moved, i.e., been displaced, while others are suspected to be moving. 

 
Displacement of a structure is evidence that the load resisting capacity of the structure 

has been exceeded. Continued movement of certain components of the lock walls could cause 
the miter gates or other equipment not to function properly. Walls could fail in overturning or 
sliding, depending on the type of movement or combination thereof that is taking place. If the 
walls are not stabilized, the movement will continue to a point where the potential of a 
catastrophic failure is possible. 

 
Depending on the location, loss of a section of a wall could adversely affect the use of 

one or both chambers for an extended period of time. 
 

C. Conditions of Concrete 
 

The original, deteriorated, concrete was left in place during the major rehabilitation 
program (MRP).  This non-air-entrained concrete is subject to continuing deterioration 
through freeze-thaw weathering.  It is suspected that the original concrete was allowed to 
freeze while still fresh and thus started to break down almost instantly.  Concrete surfaces not 
overlayed during the MRP contain cracks, gouged and spalled zones, spalled joints, and areas 
of deteriorated concrete. 

 
Deterioration of concrete is an ongoing process.  As the process continues, water 

infiltrates the pores of the concrete where it can dissolve the cement matrix surrounding the 
aggregate, and can freeze and expand, cracking the concrete. As this process continues, more 
area is made available for water infiltration and less good concrete remains. At some point, 
the concrete is not capable of carrying the loads it was designed for. This can be critical in 
areas such as gate anchorages, where a failure would be catastrophic. 

 
D. Structural Cracks and Internal Stresses 

 
Structural cracks are present around the top anchorages of the gates, particularly for 

the 110’ miter gates.  Maximum reactions at the gudgeon pins are 411 kips for the upper 
gates.  These loads, repetitive and reversing in nature, must be supported by the unreinforced 
and deteriorated concrete.  In other areas, very thin unreinforced sections exist.  High tensile 
stresses have been calculated in these areas, even when assuming the concrete to be fully 
competent.  It is known, however, that a high portion of the sections concrete is deteriorated.  
Other thin sections exist in the locks that have not been analyzed and cannot be readily 
inspected for cracks or deteriorated concrete. 
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Cracks in concrete have created a case of reduced section in the concrete component, 
by breaking it into smaller sections.  Further loading of a critical section can result in 
immediate and catastrophic failure, and may result in the loss of a wall, loss of pool, and the 
potential for loss of life. 
 

Depending on the location, loss of a section of a wall could adversely affect the use of 
one or both chambers for an extended period of time.   
 

E. Other Structural Problems 
 

Components of the gate anchorages have been in service for at least 88 years.  
Repetitive loading causes fatigue of the metal components resulting in a weak and brittle 
material with reduced load carrying capacity.  The 110’ lock emergency dam sill, the upper 
and lower miter sills, and the poiree dam sills of both chambers rely almost entirely on 
anchors to resist the applied loads.  These loads, especially on the gate sills are magnified 
many times when a gate is closed against an obstruction, a common occurrence.  The 88-year-
old anchors, with no corrosion protection, can fail under load, which has happened twice at 
Dashields Locks and to similar poiree dams. 
 

Failure of gate or sill anchorages from corrosion and/or fatigue would result in an 
extended outage of a chamber. Two gates in the same chamber would have to fail 
simultaneously to create a loss of pool situation.  However, the sudden failures of a gate 
anchor could pose a threat to life and property should the gate fail under full head condition. 
Failure of a gate sill or gate anchorages would effect only that gate and thus only one 
chamber.   
 

F. Potential Consequences 
 

The most likely short-term adverse consequences of operating and maintaining the 
existing Emsworth Locks are continued intensive maintenance and repairs, and the occasional 
partial and localized failures.  These activities would necessitate emergency or planned lock 
closing.  Of much greater concern is the high risk of a major failure through one of the 
deficiencies noted above.  Such failures could result in substantial damages, extended closure 
of one or both locks, potential loss of life and in most cases, loss of pool.   The only long term 
solution to repair the lock walls to achieve a reliable structure is the subset replacement of the 
concrete walls.   
 

7.3.3 Dashields Locks and Dams 

7.3.3.1 Locks 
 

To a casual observer, the locks at Dashields appear to be in fair condition.  This is 
however, a superficial impression due to the more extensive resurfacing and refacing 
performed during the major rehabilitation program in 1987 to 1990.  Serious and less apparent 
problems exist below the surface. 
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A. Foundations 
 
The overall properties of the foundation materials are generally competent and 

adequate for a low lift (10’) lock.  The original construction practices raise some concern over 
founding the locks at top of rock, and in a few places over thin and weak underlying structure.  
Also, a predominant number of loose/poor contacts between concrete and rock have been 
revealed by the borings. 

 
Poor contact between concrete in the lock walls and the rock creates a situation where 

the foundation loading is not uniform. This can result in the rock failing, due to overstress, 
and the failure of the wall by overturning or sliding. 

 
Depending on the location, loss of a section of a wall could adversely affect the use of 

one or both chambers for an extended period of time.   
 

B. Stability 
 

Prior to the MRP, lock walls and sills were found not to meet present-day stability 
standards by a wide margin.  Improvements made during the MRP fall short of meeting 
present-day criteria and, in retrospect, may not be performing up to their designed function, in 
particular the passive rock anchors used at the Middle and River Walls.  The Upper and 
Lower Guide Walls were left unimproved and have recently been found to be failing, as 
evidenced by significant movement. 

 
Displacement of a structure is evidence that the load resisting capacity of the structure 

has been exceeded. Continued movement of certain components of the lock walls could cause 
the miter gates or other equipment not to function properly. Walls could fail in overturning or 
sliding, depending on the type of movement or combination thereof that is taking place. If the 
walls are not stabilized, the movement will continue to a point where the potential of a 
catastrophic failure is possible. 
 

Depending on the location, loss of a section of a wall could adversely affect the use of 
one or both chambers for an extended period of time.   
 

C. Conditions of Concrete 
 

The original, deteriorated concrete was generally left in place during the MRP.  This 
non-air-entrained concrete is subject to continuing deterioration, through freeze-thaw 
weathering.  Extensive cracking exists in galleries, recesses and at other locations.  The cracks 
are believed to be still working and will continue to widen with time. 

 
Some shotcreted surfaces are in very poor condition; and some areas of the gate 

recesses, near the quoins, are deteriorated. 
 
Deterioration of concrete is an ongoing process. As the process continues, water 

infiltrates the pores of the concrete where it can dissolve the cement matrix surrounding the 
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aggregate, and can freeze and expand, cracking the concrete. As this process continues, more 
area is made available for water infiltration and less good concrete remains. At some point, 
the concrete is not capable of carrying the loads it was designed for. This can be critical in 
areas such as gate anchorages, where a failure would be critical. 

 
D. Structural Cracks and Internal Stresses 
 

The number and severity of cracks in gate and valve monoliths is cause for grave 
concern.  These cracks occur at the valve and bulkhead recesses, around the gate anchorage, 
and most prominently in the narrow galleries and transitions adjacent to the gates and valves.  
Some of the cracks are believed to have progressed downward to the lock culverts.  The thin 
section of the lock walls around the culverts are believed to be subject to significant stress 
levels, without the benefit of adequate reinforcing steel. 

 
Cracks in concrete have created a case of reduced section in the concrete component. 

Further loading of a critical section can result in immediate and catastrophic failure, and may 
result in the loss of a wall, loss of pool, and the potential for loss of life. 

 
Depending on the location, loss of a section of a wall could adversely affect the use of 

one or both chambers for an extended period of time.   
 

E. Other Structural Problems 
 

Components of the gate anchorages have been in service for some 80 years.  Repetitive 
loading places these parts in a state of weakening and brittleness caused by fatigue.  The 110’ 
lock emergency dam sill, the upper and lower miter sills, and the poiree dam sills of both 
chambers rely almost entirely on anchors to resist the applied loads.  These loads, especially 
on the gate sills are magnified many times when a gate is closed against an obstruction, a 
common enough occurrence.  Reliance on 80-year-old anchors, with no corrosion protection, 
has led to the failure of the 56’ and 110’ poiree dams. 
 

Failure of gate or sill anchorages from corrosion and/or fatigue would result in an 
extended outage of a chamber. Two gates in the same chamber would have to fail 
simultaneously to create a loss of pool situation. However, the sudden failures of a gate 
anchor could pose a threat to life and property should the gate fail under full head condition. 
 

F. Potential Consequences 
 

The most likely short-term adverse consequences of operating and maintaining the 
existing Dashields Locks are continued extensive maintenance and repairs, and the occasional 
partial and localized failures.  These activities would necessitate emergency or planned lock 
closing.  Of much greater concern, is the high risk of a major failure through one of the 
deficiencies noted above.  Such failures could result in substantial damages, extended closure 
of one or both locks, potential loss of life, and in most cases, loss of pool. The only long term 
solution to repair the lock walls to achieve a reliable structure is the subset replacement of the 
concrete walls. 
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7.3.3.2 Dam 
 

The fixed crest dam appears to have performed well in its 80 years of service and has 
remained in good condition.  The only known problem, over the years has been the tendency 
to scour at the toe and cause, in addition to some undermining of the toe, the dam to rest on a 
rock ledge in a “perched’ condition.  The concrete dam abutment has become deteriorated on 
the top and vertical surfaces, but shows no signs of movement. 
 

A. Scour Downstream of the Dam 
 

The tremie concrete placed at the toe of the dam during the MRP, to fill a scour hole, 
was reported by divers in 1991 to be in place.  However, the 1995 sounding suggests that the 
top of the tremie concrete was well below the top of the apron, indicating some loss of the 
repair concrete. 
 

Scour of the streambed downstream of the toe of the dam, if not controlled or stopped, 
can lead to the undermining of the dam and result in failure of the spillway and/or piers.   
 

Loss of a section at the dam would cause loss of pool and it would require installation 
of a cofferdam to stop the flow and regain control of the pool. 
 

B. Potential Consequences 
 

Except for normal monitoring, the dam is believed to be in good condition.  Scour 
protection will be needed to protect the toe of the dam to extend the life of the structure when 
new locks are constructed.  A failure of the dam would have severe impacts in the 
Montgomery pool, on the Emsworth and Montgomery Locks and Dams, already in poor 
condition and most certainly a loss of pool. 
 

7.3.4 Montgomery Locks and Dam 

7.3.4.1 Locks 
 

The locks at Montgomery appear to be in fair condition, particularly the top of the wall 
resurfacing and the very limited refacing (with wall armor) performed during the major 
rehabilitation program (MRP) in 1985 to 1989.  Serious and less apparent problems exist 
below the surface. 
 

A. Foundations 
 

The overall properties of the foundation materials, at the locks, are generally competent 
and adequate for the medium lift (17.5’) project.  Some of the construction procedures and 
details utilized to overcome encountered problems raise concern about their reliability.  These 
procedures include consolidation grouting, to correct open joint; use of caissons for certain 
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monoliths, where excessive leakage was also encountered; and the prevalence of poor/open 
concrete to rock contacts in more recent core borings. 
 

The water leaking into the gallery at Montgomery Lock is coming from the main 
chamber. The lock filling and emptying culvert is located within the lock wall at a lower level 
below the gallery. When the main chamber is filled and emptied by the side ports within the 
wall off of the culvert. During each lock cycle when the chamber is varied from lower pool to 
upper pool or vice versa the water pressure forces water upward from the culvert, through the 
crack and into the gallery. Because the water is from the river which contains sediment 
suspended within the water, some of the sediment gets deposited inside the gallery on the 
floor. It is believed the sediment is from the river water.  The amount of water increases when 
the main chamber is at upper pool. The lock walls are founded on a prepared rock foundation 
built within a dry cofferdam area and sediment at the foundation is not believed to exist and 
erosion near the foundation is not believed to exist. Also the lock floor of the main chamber 
has a concrete paving system installed within the floor of the chamber which would prevent 
erosion of sediment near the foundation level. 
 

Depending on the location, loss of a section of a wall could adversely affect the use of 
one or both chambers for an extended period of time.   
 

B. Stability 
 

Prior to the MRP, lock walls and some sills were found not to meet present-day 
stability standards by a wide margin.  Improvements made during the MRP fell short of 
meeting present-day criteria and, in retrospect, may not be performing their function, 
particularly, since passive rock anchors were used for all lock walls.  It is also noted that all 
monoliths were anchored through the toes of the bases, thus leaving the thinner portion of the 
monoliths totally unreinforced at the area of a lift joint and culvert floors, and these sections 
because of the culverts. 
 

In order for passive anchors to become active and pick up the applied loads, the wall 
or structure has to move; therefore, the wall has entered into a failure mode. Unreinforced 
sections of walls are subject to failure in tension. 
 

Depending on the location, loss of a section of a wall could adversely affect the use of 
one or both chambers for an extended period of time.   
 

C. Condition of Concrete 
 

The original deteriorated concrete was left generally in place during the MRP. This 
non-air-entrained concrete is subject to continuing deterioration through freeze-thaw 
weathering.  Extensive cracking exists in gallery recesses, and at other locations. The cracks 
are believed to be still working and will worsen with time. 
 

Some shotcreted surfaces are in very poor condition; and some area of the gate 
recesses near the quoins are deteriorated. 
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Deterioration of concrete is an ongoing process. As the process continues, water 

infiltrates the pores of the concrete where it can dissolve the cement matrix surrounding the 
aggregate, and can freeze and expand, cracking the concrete. As this process continues, more 
area is made available for water infiltration and less good concrete remains. At some point, 
the concrete is not capable of carrying the loads it was designed for. This can be critical in 
areas such as gate anchorages, where a failure would be critical. 
 

D. Structural Cracks and Internal Stresses 
 

The number and severity of cracks in gate and valve monoliths are cause of grave 
concern.  These cracks occur in the valve and bulkhead recesses, around the gate anchorages, 
and most prominently in the narrow galleries and transitions adjacent to the gates and valves.  
Some of the cracks are believed to have progressed downward to the lock culverts are 
believed to be subject to significant stress levels with out the benefit of adequate reinforcing 
steel. 
 

Cracks in concrete have created a case of reduced section in the concrete component. 
Further loading of a critical section can result in immediate and catastrophic failure, and may 
result in the loss of a wall, loss of pool, and the potential for loss of life. 
 

Depending on the location, loss of a section of a wall could adversely affect the use of 
one or both chambers for an extended period of time.   

 
E. Other Structural Problems 

 
The components of the gate anchorages have been in service for some 73 years.  

Repetitive loading places these parts in a state of weakening and brittleness caused by fatigue.  
The 110’ lock emergency dam sill, the upper and lower miter sills, and the poiree dam sills of 
both chambers rely almost entirely on anchors to resist the applied loads.  These loads, 
especially on the gate sills are magnified many times when a gate is closed against an 
obstruction, a common enough occurrence.  Reliance on 73-year-old anchors with no 
corrosion protection can lead to failures, as happened twice at Dashields Locks to similar 
poiree dams. 
 

Failure of gate or sill anchorages from corrosion and/or fatigue would result in an 
extended outage of a chamber. Two gates in the same chamber would have to fail 
simultaneously to create a loss of pool situation. However, the sudden failures of a gate 
anchor could pose a threat to life and property should the gate fail under full head condition. 
 

Failure of a gate sill or gate anchorages would effect only that gate and thus only one 
chamber.   
 

F. Lock Gates and Operators 
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Considering the age of the structures, the overall condition of the mechanical 
components is relatively good.  There are no critical items needing immediate attention.  The 
biggest problem is the repair of the controls for the electrical and hydraulic equipment, which 
is very difficult, because repair parts are unavailable. 
 

There are items, which are showing signs of normal wear, such as wear on the gates 
top anchor pins and minor leakage from operating cylinders. 
 

The piping for the hydraulic systems, which was replaced in 1989, appears to be in 
good shape.  However, repairs, if needed, may be difficult, as the piping crossovers were 
recessed in the lock chamber floor and covered with concrete. 

G. Potential Consequences 
 

The most likely short-term adverse consequence of operating and maintaining the 
existing Locks is continued intensive maintenance and repairs, and occasional partial and 
localized failures.  These activities will necessitate emergency or planned lock closures.  Of 
much greater concern is the high risk of major failure through one of the deficiencies noted 
above.  Such failures could result in substantial damages, extended closure of one or both 
locks, potential loss of life and in most cases, loss of pool.  The only long term solution to 
repair the lock walls to achieve a reliable structure is the subset replacement of the concrete 
walls. 

7.3.4.2 Dams 
 

The gated dam at Montgomery is in poor condition.  The most serious problems are 
related to the dam gates and gate operators’, and to a lesser degree to the conditions of the 
concrete. 
 

A. Stability of the Dam Piers 
 
A stability review of the dam piers made prior to the MRP found the piers to be stable.  
However, the review did include any allowance for impact/ice loads. 
 
Unless there is a catastrophic failure of a gate, where it would require a cofferdam to be 
installed, most concrete repairs to the dam would not impact the operation of the locks or the 
river pool. 
 

B. Condition of Concrete 
 

The dams fixed weirs, gate sills; bulkhead storage bay and abutment are generally in 
fair to good condition, with only limited areas showing signs of deterioration.  The dam’s 
piers, however, are in poor condition. The piers underwent extensive repairs and local 
restructuring.  The repair concrete is showing signs of deterioration already, such as cracking, 
separation, and water infiltration. 
 

C. Service Bridge 
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The service bridge is in good condition, except for heavy corrosion built-up between 

lacing bars, gusset plates, and some structural members. 
 

Repairs to the service bridge could take from several weeks to several months 
depending on the nature of the repair.  The major impact would be a gate failure and with the 
service bridge out of commission the bulkheads could not be installed.  This could create a 
situation where there could be a loss of pool while a cofferdam or dumped rock was installed 
upstream of the gate. 
 
 

D. Dam Gates and Gate Operators 
 

The dam gates are in a failed state due to corrosion.  These gates are actually older than 
the Emsworth Dam gates, which have been failing.  The original gate design contains an 
allowance for impact/ice loading. In their present weakened condition, the gates are very 
likely to fail if such loading occurs.  The gate hoisting chains are corroded and dry and tend to 
“kink” and remain “kinked" even under load.  The hoists, one at each end of a gate cannot be 
synchronized to assure that the gate travels vertically in a fully level condition.  An out-of-
level gate can become wedged in the recesses.  The presence of two motors, at each hoist, 
guarantees breaking a chain or other part and dropping the gate, as happened to one of the 
gates which had frozen solid to the piers. 
 

The maintenance of the control systems is very difficult because many of the parts are 
obsolete.  Also, some of the original manufacturers are no longer in business, and the parts are 
not in inventory. 
 

Some of the control units were of unique designs that were specified by the Corps. 
Stopping flow through a failed (open) gate could take from several hours to install the 
bulkheads or gravity dam.  The extreme impact would occur if more gates were inoperable 
than there are bulkheads to install, which would require installation of a cofferdam or gravity 
dam.  The gravity dam cannot be placed under any river flow condition; the gate bay must be 
closed by using the emergency bulkheads first and the gate removed before the gravity dam 
can be used.   
 

E. Scour Downstream of the Dam 
 

Scour of the streambed has been a recurring problem at this dam.  The massive stone 
blanket placed during the MRP has failed in some places and has had to be replaced.  It is 
likely that the scour problem will continue to occur. 
 

Loss of a section of the dam would cause loss of pool and it would require a cofferdam 
to stop the flow and regain control of the pool. 
 

F. Potential Consequences 
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The most likely short-term consequences of operating and maintaining Montgomery 
Dam are continued intensive maintenance and repairs.  It is believed that the gates, chains and 
hoists are at a point in which they are beyond repair.  Failure of one or more gates leaving, the 
gate bay(s) open presents a very real risk of pool loss.  Similarly, inability to operate several 
gates could result in the pool overtopping the gates, with their likely loss, in the event of a 
flood. 
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8. LOCK AND DAM RISK AND RELIABILITY 
MODELING 
 
 
8.1 GENERAL  
 

The Corps of Engineers guidance requires economic investment plans to be based on 
probabilistic analyses, reliability analyses, which are used to determine the likely performance 
scenarios for a project, feature, component or structure over the study period, typically taken 
to be 50 years.  This performance, or conversely, the non-performance, is reported in terms of 
the probability of unsatisfactory performance which, when combined with an event tree, gives 
us the means to perform multiple simulations of project performance over the study period.  
These multiple simulations tend or converge to provide a reasonable estimate of the cost to 
maintain the existing facility over the study period.  This is by no means an exact science.  
The results however do provide us with a basis for comparing alternative future project 
conditions.    

 
This section describes the effort involving the engineering and economic modeling of 

major lock and dam components for the Upper Ohio Navigation Study.  The purpose of 
engineering reliability modeling is to develop a tool used to define and quantify the level of 
risk and is used to evaluate the likelihood of long term future performance of major lock and 
dam components.  As a product from the modeling, the analysis predicts the probability of 
unsatisfactory performance, and estimates the consequences associated with the unsatisfactory 
performance from both a navigation delay standpoint (lock chamber downtime during which 
the component is repaired) as well as a repair cost standpoint as components age and 
experience increase operating cycles.  The engineering reliability and economic risk 
assessment of these components play an important role in developing the benefits, which 
provides an evaluation basis for the various alternatives being considered.   

 
The reliability modeling provides a technical baseline for determining whether 

improvements are considered to be warranted and defines whether the repair/rehabilitation or 
replacement of the component is necessary.  The reliability modeling is performed using 
probabilistic methodologies that inherently have an associated range of uncertainty.  Also the 
reliability modeling can only provide an evaluation of a physical component and defines the 
consequences that may occur should the component fail to perform in a satisfactory manner.  
It cannot assess intangible items such as safety conditions, navigational approach conditions 
et cetera. 

 
Reliability assessments can be performed using variety of scientifically acceptable 

methodologies.  These methods can be analytically based on scientific or engineering 
principles, use numerous numerical simulations, or can be based on the sound judgment of 
recognized experts within their area of expertise.  The following sections summarize the 
components and the reliability models developed as part of the study. 
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8.1.1 Key Terms  
 
Several terms must be defined since they are referenced in the subsequent sections.  

The first term is the Probability of Unsatisfactory Performance (also sometimes called the 
Probability of Failure), which can be misleading and does not definitely determine when the 
component will fail, but it defines the point where the future response and performance of the 
component cannot be predicted with confidence.  Therefore the component becomes 
unreliability and defined that unsatisfactory performance has occurred.  In addition 
uncertainty exists with the prediction of the future performance of the components. 

 
The second term is the Hazard Function, which is related to Probability of 

Unsatisfactory Performance as the likelihood of unsatisfactory performance.  It is defined as 
the probability of unsatisfactory performance for the time period assuming the component has 
not failed and has survived to that point in time.  This hazard function estimates the time 
dependent probabilities of unsatisfactory performance.   

 
The third term is the Event Tree, which it is a graphical representation that quantifies 

the effects of uncertainty associated whether a repair response would be performed and 
quantifies the consequences of a failure in terms of facility closure in days (delays to 
navigation), costs in dollars associated with the repair response and the effects to the future 
reliability caused by the repair, if any.  The event tree is evaluated when a failure has been 
determined to have occurred.  The severity level of the repair response can be incorporate 
within the event tree, and often are.    
 
 
8.2 COMPONENTS FOR RELIABILITY ANALYSIS 
 

From the previous study (Ohio River Main Stem System Study) a comprehensive 
effort of the overall reliability assessment of the lock and dam was to determine which 
components should have reliability analysis conducted on them.  Since there are several 
components that can cause disruption of navigation service and/or be very costly to replace, a 
process of eliminating “minor” components had to be developed.  Therefore, a two-phase 
screening process was used that eliminated several minor components from consideration for 
reliability analyses. This screening process also made the overall effort manageable in terms 
of available funding and time constraints. 

 
The reliability analyses developed in the Ohio River Main Stem System Study was 

initially used to develop and expand the list of components used in this Study.  Only 
components specifically relevant to Emsworth, Dashields or Montgomery facilities were 
considered.  Table 8.2-A provides a summary list of the types of the components evaluated 
within the study.   
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TABLE 8.2-A - Overall Component List 

LOCK/DAM 
COMPONENT 

OHIO RIVER MAIN 
STEM SYSTEM 

INVESTMENT STUDY 
UPPER OHIO 

NAVIGATION STUDY 

  Considered Not 
Considered Considered Not 

Considered 

Horizontally-Framed Miter 
Gates   X   X 

Vertically Framed Miter 
Gates   X X   

Culvert Valves (Specific)   X* X   
Mass Concrete 
Degradation/Structural 
Failures 

X   X   

Lock Wall Monolith 
Stability X   X   

Miter Gate Monolith 
Stability X   X   

Guard and Guide Wall 
Stability X   X   

Hydraulic Power Systems X   X   
Culvert Valve Machinery X   X   
Miter Gate Machinery X   X   
Lock Power & Control 
Equipment (Electrical) X   X   

Dam Stability (Sills, Piers, 
Abutments, Stilling Basin)   X X**  

Dam Scour Protection 
System   X  X** 

Dam Gates   X  X** 
Dam Service Bridges   X   X 
Dam Gate Machinery   X  X** 
Dam Power & Control 
Equipment (Electrical)   X  X** 

* Reverse tainter valves evaluated 
** Full evaluation to be completed in ongoing Montgomery Dam Safety Study 
      Or under rehabilitations in ongoing Emsworth Dam Rehabilitation Project 
 
 
For each facility (Emsworth, Dashields and Montgomery Locks and Dams) the 

components evaluated are illustrated in Table 8.2-B.  
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TABLE 8.2-B - Component List for Specific Facility 
 

  Main Chamber Components   Auxiliary Chamber Components     
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Emsworth X X Z   X Y X Y Y Y   Z X Z X X Y       
Dashields X X Z X X Y X Y Y  Y   Z X Z X X Y     Y 
Montgomery X X Z X X Y X Y Y     Z X Z X X Y Y     

 
X - Reliability Analysis and Scheduled Maintenance Included 
Y - Reliability Analysis Only 
Z - Scheduled Maintenance Only 
 

8.2.1 Types of Reliability Models  
 

The reliability models developed for the list of components can be separated into two 
general categories: non-time dependent and time dependent models. The non-time dependent 
models are assumed not to deteriorate significantly over time, whereas, the time dependent 
models degrade in reliability over time. 
 

8.2.1.1 Time Dependent Reliability Models 
 

The reliability for these components degrades with time due to their cyclic use and 
associated age. The components considered time dependent are the miter gates (both 
horizontal and vertical framed), culvert valves, mass concrete degradation, anchored lock wall 
stability, anchored miter gate monolith stability, hydraulic power system, culvert valve 
machinery, miter gate machinery, and power and control equipment. With the miter gates and 
culvert valves, these structures are steel structures that are subject to fatigue and corrosion, 
thus, causing a decrease in reliability over time. The fatigue of the miter gate and culvert 
valves is a function of the number of historical load cycles that the structure has undergone 
over time, as well as those projected in the future. For the mechanical and electrical 
components, the time reliability models are a function of the number of operating cycles, 
along with the component’s age.  For the anchored walls, these structures are time dependent 
because the anchors are subjected to fatigue and corrosion. The mass concrete degradation is 
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time dependent because the mass concrete degradation is subject to thermal and stress cycles 
because of the lack of adequate concrete protection.  The reliability of the concrete at these 
projects is decreasing with time due to the several factors. This is better described in the 
following sections. Most importantly, hazard functions are developed for time dependent 
components. The hazard function is defined as the probability of unsatisfactory performance 
in a given year assuming it has survived up to that year, a truly time dependent analysis. 
 

8.2.1.2 Non-Time Dependent Reliability Models 
 

The non-time dependent components were all the unanchored gravity structures. The 
reliability of the unanchored gravity structures do not deteriorate over time.  Also, since the 
team is only looking at normal operating loads (normal and maintenance load cases), there is 
not an issue of return periods or extreme loads for cases such as earthquakes or excessive 
barge impact forces. Therefore, the models are assumed to have the same reliability over time. 
This is consistent with guidance, as provided by HQUSACE for gravity structures. For these 
components, the probability of unsatisfactory performance is computed and assumed to be the 
same for every year in study period. Therefore a Hazard Function is not needed. 
 

The primary problems associated with the three navigation facilities in the Upper Ohio 
River Study Area, Emsworth, Dashields, and Montgomery Locks and Dams, are declining 
reliability of concrete and mechanical components necessary for operation and small locks, 
particularly the auxiliary chambers.  There are two major concerns with the physical condition 
of the lock wall concrete at EDM: 1) concrete deterioration below concrete overlays placed 
during major rehabilitations in the 1980s, and 2) questionable remaining effectiveness of 
metal anchors installed during those rehabilitations that were required to improve overall 
structure stability.   

 
In addition to these structural concerns, many mechanical components are either 

original equipment or utilize the same design as used during construction in the 1920s and 
1930s.  These mechanical components are subject to increasingly frequent breakdowns and 
with many replacement parts no longer manufactured and are becoming very difficult and 
expensive to maintain.  Reliability problems at EDM are leading to a greater need to close the 
110’ x 600’ main chambers for both scheduled and unscheduled maintenance which in turn 
increases the frequency of use of the very small 56’ x 360’ auxiliary chambers to lock 
commercial traffic.  Delay costs to navigation interests increase dramatically during main 
chamber closures.   
 
 
8.3 HORIZONTALLY FRAMED MITER GATES RELIABILITY 
 

Each of the horizontally framed miter gates at Emsworth, Dashields and Montgomery 
are of a similar design and construction techniques.  Each horizontally framed gate is located 
in the 56-foot wide chamber (auxiliary chamber) and is used for both the upper and lower 
closures for the auxiliary chamber only.  Each gate is constructed of rolled steel shapes 
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members running horizontally with a welded skin plate attached to upstream face of the gate 
and diagonal members along the downstream face. 

 
A reliability analysis for the horizontally framed gates was not performed for the 

Study.  This was done for several reasons.  First the amount of navigation traffic using the 
auxiliary chamber is significantly less when compared with the main chamber.  This is 
primarily due to the fact the auxiliary chamber is a very small size 56’ x 360’ when compared 
to the main chamber, which is 110’ x 600’ chamber.  Secondly most of the horizontally 
framed gates were replaced prior to the major rehabilitation projects at Emsworth, Dashields 
and Montgomery, which occurred in the 1980’s.  Third, the majority of the gates are the same 
size as other 56-foot chamber gates that are used on the Allegheny River and Monongahela 
River.  The exceptions are the downstream gates at Emsworth and Montgomery facilities.  
Because the District has a large number of facilities that use 56-foot chamber miter gates, the 
District has a stock 56-foot miter gate inventory program.  Under this program the gates are 
routinely removed and replaced with either a newly fabricated gate or a newly rehabilitated 
gate extracted from a separate facility.  Because of these reasons a reliability analysis was not 
performed for the horizontally framed gates.  The scheduled maintenance costs were included 
in the Study for the auxiliary chamber, which accounts for the repair and renovation of the 
horizontally framed miter gates.   

 
 

8.4 VERTICALLY FRAMED MITER GATES RELIABILITY 
 

8.4.1 Background Information 
 

A risk and reliability assessment was not previously performed on the vertically 
framed miter gates at any of the three facilities.  Based on the long history of problems 
associated with cracking of critical members a reliability assessment of vertically framed 
miter gates is performed within this study.  The ORMSS Study developed a model to perform 
the reliability analysis of the miter gates, but the miter gates were subsequently screened and 
not fully evaluated within the ORMSS Study.  Because issues persisted with the vertically 
framed miter gates a different reliability analysis was conducted using a finite element model 
approach.   

 
A very large percentage of the locks in the United States are equipped with double-

leaf miter gates which are used for moderate- and high-lift locks.  These gates are fairly 
simple in construction and operation and can be opened or closed more rapidly than any other 
type of gate. Maintenance costs generally are low.  A disadvantage of this gate is that it 
cannot be used to close off flow in an emergency situation with an appreciable unbalanced 
head. 

 
Miter gates fit into recesses in the wall in the open position. The bottom of the recess 

should extend below the gate bottom to preclude operating difficulties from silt and debris 
collection. Enlarged recesses are sometimes used to facilitate the removal of accumulated ice.  
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8.4.2 Description of Vertically Framed Miter Gates 
 
Miter gates are framed either horizontally or vertically. The skin plate of a 

horizontally framed gate is supported by horizontal members which may be either straight 
girders acting as beams, or circular arches. Each such horizontal member is supported by the 
vertical quoin post at one end and the miter post at the other. All water loads is transmitted 
through the girders and quoin blocking into the gate lock monoliths. A vertically framed gate 
resists the water pressure by a series of vertical girders more or less uniformly spaced 
throughout the length of the gate, and supported at top and bottom by horizontal girders 
transmitting the loads to miter and quoin at the top of the leaf and into the lock wall, and 
directly to the sill at the bottom.  The majority of the loads from the differential pool 
condition are transmitted directly into the sill at the bottom of the gate.  The bottom girder 
transmits the load directly into the sill structure below the gate through continuous contact 
along the entire length of the downstream flange with the sill.  In addition to this contact 
between the bottom girder and sill, the gate leaf seals along the downstream flange of the 
vertical end quoin girder and along the miter end with the opposite leaf.  These seals along the 
quoin and miter ends are not designed to resist any of the hydrostatic loads but essentially 
provides a water tight seal.  Figure 8.4-A shows the downstream view of the main chamber 
vertically framed miter gates at Montgomery Lock.   

 
The overturning moment carried to the lock wall by a horizontally framed gate is 

greater about all points below the sill than that caused by a vertically framed gate.  Hence, the 
vertically framed gate type requires less masonry in a thrust wall of gravity section, but the 
heavier sill necessary to support the bottom girder into which the verticals are framed may 
counterbalance this saving.  Because of the vastly different structural load paths from the gate 
to the supporting structures (sill and walls) between the horizontally framed gate and the 
vertically framed gate types, the two gates are not interchangeable.   

 
Due to the greater rigidity, member redundancy and resistance to boat impact of the 

horizontally framed gate and the insignificant difference in cost, the vertically framed gate 
will no longer be used for new lock designs except for unusual applications and upon special 
approval.   

 
Each of the vertically framed miter gates at Emsworth, Dashields and Montgomery are 

of a similar design and construction techniques.  Each vertically framed gate is located in the 
110-foot wide chamber (main chamber) and is used for both the upper and lower closures for 
the main chamber only. 
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FIGURE 8.4-A – General Arrangement Miter Gates (Downstream Gates at 

Montgomery Pictured) 
The vertically framed gates at Emsworth, Dashields and Montgomery are very similar 

in configuration and size.  Table 8.4-A and Table 8.4-B compares some of the key features for 
the miter gates the three facilities.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



UPPER OHIO NAVIGATION STUDY                   Engineering Appendix  
 

 
 

 
 

GENERAL ENGINEERING REFERENCE DATA APPENDIX                    Page  8-9 

TABLE 8.4-A – Downstream Main Chamber Miter Gates 

     
  Emsworth Dashields Montgomery 

Height   38' 6.75" 40' 11" 42' 11" 
Vertical Beams Number 10 10 10 

  Type W36x135 W36x135 W36x135 
Vertical Girders Web 1/2" x 47" 1/2" x 47" 1/2" x 47" 

 Quoin End, Center, US Flange 1-1/2" x 16" 1-1/2" x 16" 1-1/2" x 16" 
and Miter End  DS Flange 3/4" x 16" 3/4" x 16" 3/4" x 16" 

Horizontal Stiffeners Number 10 11 12 
  Type L6x4x3/4 L6x4x3/4 L6x4x3/6 

Top Horizontal 
Girder 

Web 3/4" x 66" 3/4" x 66" 3/4" x 66" 
US Flange 2-1/2" x 18" 3" x 15" 3" x 15" 
DS Flange 2" x 18" 2" x 18" 2" x 18" 

Bottom Horizontal 
Girder 

Web 1/2" x 47" 1/2" x 47" 1/2" x 47" 
US Flange 1-1/2" x 8" 1-1/2" x 8" 1-1/2" x 8" 
DS Flange 2" x 8" 2" x 8" 2" x 8" 

Skin Plate Thickness 1/2" 1/2" 1/2" 

Pool Elevation From 
Sill (ft) 

Upper 30.9 28.75 32.25 
Lower 12.9 17.25 14.75 

Lift Height (ft)   18 11.5 17.5 
     

 

TABLE 8.4-B – Upstream Main Chamber Miter Gates 

  Emsworth Dashields Montgomery 
Height   27' 8" 27' 8" 27' 8" 

Vertical Beam Number 10 10 10 
  Type W30x99 W30x99 W30x99 

Vertical Girder Web 5/8" x 47" 5/8" x 47" 5/8" x 47" 
  US Flange 1-1/2" x 12" 1-1/2" x 12" 1-1/2" x 12" 
  DS Flange 1/2" x 12" 1/2" x 12" 1/2" x 12" 

Horizontal Stiffeners Number 6 6 6 
  Type L6x4x3/8 L6x4x3/8 L6x4x3/8 

Top Horizontal 
Girder 

Web 5/8" x 66" 5/8" x 66" 5/8" x 66" 
US Flange 2-1/2" x 18" 3" x 15" 3" x 15" 
DS Flange 2" x 18" 2" x 18" 2" x 18" 

Bottom Horizontal 
Girder 

Web 1/2" x 47" 1/2" x 47" 1/2" x 47" 
US Flange 1-1/2" x 8" 1-1/2" x 8" 1-1/2" x 8" 
DS Flange 2" x 8" 2" x 8" 2" x 8" 

Skin Plate Thickness 1/2" 1/2" 1/2" 

Pool Elevation From 
Sill (ft) 

Upper 20 15.5 17 
Lower 2 4 -0.5 

Lift Height (ft)   18 11.5 17.5 
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The primary performance mode for vertically framed miter gates at the Emsworth, 
Dashields and Montgomery facilities is the occurrence of fatigue or fracture cracking at key 
structural locations within the gate.  These cracking problems are more prevalent on the 
downstream gates.  Historically, problems with cracking occur mainly along the bottom girder 
downstream flange at the connections with the vertical beam flanges and on the end vertical 
girder flanges at the welded connection to the gusset plate used for anchoring the tensioned 
bar diagonals.  Figure 8.4-B illustrates the locations areas of concern.  

 

 
 

FIGURE 8.4-B– Typical Miter Component Schematic View 
 

The bottom girders at Emsworth, Dashields and Montgomery have identical 
construction using ½ -inch thick by 47-inch deep web plates and 2-inch thick by 8-inch wide 
downstream flanges.  Similarly, the end vertical quoin girder and the gusset plates for the 
tensioned bar diagonals are identical for the three sites.  Figure 8.4-B provides a view of the 
gate and the location of the most historically noted cracking problems.  Cracking depicted for 
location one has developed at a welded connection where an additional gusset plate was 
installed as part of the repair for previous cracking at this location.  This cracking appears to 
develop more often at the connections with the vertical beams between the quoin end and the 
mid-span vertical girder, and typically the crack has extended completely through the flange 
and into the web when found during inspections.   
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The miter gates have been replaced during the major rehabilitations in the 1980’s for 

each of the three projects.  Since the replacement of the gates, cracking in the bottom girders 
has been occurred on the gates, and at Emsworth cracking occurred on the new gates roughly 
11 years from being installed.  Table 8.4-C summarizes the repairs on the miter gates for the 
main chamber.   Corrosion effects were not considered within the reliability analysis. 
 

TABLE 8.4-C – Summary of Repairs on Main Chamber Miter Gates  

 110-foot Vertically Framed Miter Gates 

Year Emsworth Dashields Montgomery 

1948   Repairs to bottom girder 

1952  Bent seal plate  

1959   Broken seal plate 

1962 Replaced bottom girder   

1965   Replaced bottom girders 
on lower gates 

1968  Cracked bottom girder 
flange  

1969  Cracks in flange of vertical 
quoin girder  

1972 Cracking in bottom girder 
flanges  

Cracking in vertical girders 
at splices for new bottom 

girder  

1974  Cracking in bottom girder 
flanges  

1978   Cracking in bottom girder 
flanges 

1979   Bent flange on bottom 
girder 

1980 Major repairs Replaced parts of bottom 
girder  

1981 New Gates   

1982  Cracking thru flange & web 
of bottom girder  

1992-1994 Cracks thru flange & web 
of bottom girder   

1983  New Gates New Gates 

1998 Cracks in quoin girder 
flange at anchor plate   

2002   Cracking thru flange & web 
of bottom girder 



UPPER OHIO NAVIGATION STUDY                   Engineering Appendix  
  

 
 

 
 

GENERAL ENGINEERING REFERENCE DATA APPENDIX                    Page  8-12 

8.4.3 Finite Element Modeling and Issues 
 

Structural reliability models are used as a basis for evaluating the risk and reliability of 
the miter gates due to the fatigue cracking.  Global finite element models of a gate leaf were 
employed to understand and establish the overall performance of the gate and the effects of 
variations in operational conditions on the load distributions near the connections of interest 
for fatigue cracking assessment.  The goal of this modeling was to evaluate the effects of 
variations in the operating conditions and identify the more important key parameters that 
influence the near field stresses at the welded connection of interest.  Detailed local models of 
these connections were developed to better quantify local effects, such as residual stresses and 
stress concentrations, and to assess the initiation and growth rate of the fatigue cracking.  The 
boundary conditions for these local models were extracted from the global model analyses for 
the load states of interest.  The local models were constructed using 3D solid elements for a 
section around the joint of interest.  A nonlinear thermal stress analysis was used to establish 
the residual stress distribution in the local model due to the weld operation.  Boundary 
conditions for deformations, extracted from the global model, were imposed on the cut 
surfaces of the local model to apply loads for the different operating conditions of interest.  
Fatigue crack initiation was determined using the stress range at the joint for a cycle of 
loading, the number of imposed operating cycles, and fatigue data.  Fatigue crack growth was 
then evaluated using the local model and evaluating the change in stress intensity as a crack 
extends under a cycle of loading within the residual stress field. 

 
The structural reliability model developed from these analyses incorporates the results 

of parameter variations that were performed in the global and local modeling so that a 
probabilistic assessment can be performed that accounts for uncertainties in these parameters.  
The structural reliability model is used in the risk and reliability assessment as a basis for 
establishing the probabilities that a given structural condition will develop.  Constructing the 
reliability model involves conducting an engineering assessment of the analytical data 
generated from the global and local analyses to characterize the crack initiation and growth 
relative to variations in the key variables that are identified in the global and local modeling.  
A response surface, which is a functional representation for the behavior of some structural 
parameter, such as crack length versus number of operating cycles, is developed as functions 
of the key response variables.  This response surface is constructed from the deterministic 
analyses that use combinations of variations to define discrete points on this response surface.  
Engineering judgment is then employed as necessary to construct functions or equations that 
will define a continuous representation of this response surface as functions of the key 
variables.  The response surfaces (reliability models) for crack initiation and growth are 
benchmarked to a given crack length for a known number of operational cycles based on 
observed field data for cracking using the mean values of all parameters. 

 
The structural reliability model consists of two parts; a relation for crack initiation 

versus load cycles and a relation for fatigue crack growth or crack length versus load cycles, 
both as functions of operating stress range, material properties, and operational conditions, 
such as corrosion, miter block wear, girder-to-sill misalignment, and tension in the diagonal 
bars.   
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The assumptions used in this risk and reliability evaluation generally fall into four 
categories, 1) the performance of the gates at different sites relative to the specific modeling 
performed, 2) the key parameters affecting the reliability and associated uncertainties in these 
parameters, 3) the limit states identified for the welded connections considered, and 4) the 
number of operating cycles projected for future use at the sites.  These are discussed in the 
subsections below. 

 

8.4.3.1 Gate Performance 
 

The performance based reliability models for cracking are based on the historical 
cracking and repair records for the miter gates at each site with the expectation that cracking 
will eventually develop at these welded connections.  The reliability models were developed 
based on the Emsworth lock miter gate configuration and operating conditions as the 
surrogate case.  Because the gates at all three locks have similar construction details and 
operating conditions, it is assumed that the gate performance at the three sites will be similar.  
The crack initiation and growth models are based on detailed local modeling of the specific 
welded connections under the loading and operational conditions at Emsworth.  These models 
depend primarily on the stress difference for a cycle of loading, which could vary at different 
sites.  However, because the structures (girders) are generally designed to a common 
specification, the operating stresses are generally very similar, and this difference should not 
be significant.  In addition, the models include correlation factors for benchmarking with 
specific cracking histories at each site to help account for differences in the conditions or 
performance at other sites.   
 

Although the Emsworth and Montgomery sites have very similar gate configurations 
and nearly identical head differentials, cracking initiates earlier and propagates faster on the 
bottom girder of the former than on that of the latter.  It is concluded that this difference is 
due to the environment at Emsworth where more silt and debris flows through the site than at 
Montgomery.  Silt or debris buildup causes misalignment between the bottom girder and the 
sill on the vertically framed gate, which in turn was found to be the biggest contributor to 
cracking in the bottom girder in the structural performance study.   
 

8.4.3.2 Parameters and Uncertainty 
 
The key parameters most affecting the gate performance and reliability were determined 
during the finite element modeling study based on the analyses of the gates under the 
operating conditions at Emsworth.  The range of values and probabilistic distributions for 
these key parameters are defined based on the results of the analyses, engineering judgment, 
and data when available.  It is assumed that these key parameters and the uncertainty in these 
parameters will be similar for all three sites.  Details of these parameters and associated range 
and distribution of values used for cracking assessment are provided in the Reference Report 
#91. 
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8.4.3.3 Load Cycles 
 
The reliability analysis for the cracking models is based upon load cycles applied to 

the gate.  The load cycles for the main chamber gates at each site are developed separately for 
each facility and are based on historical navigation records and interviewing the lock 
personnel.  The historical navigation records also capture whether the vessel was full or 
empty, the number of lockages required to pass the vessel through the facility (i.e. single 
lockage, versus a double lockage, versus a triple lockage or more).  This load cycle data was 
assembled from the historical records and expanded to account for future load cycles by 
vessels.  It is noted that these projected cycles have been updated from those used in the 
previous finite element modeling study to develop the structural reliability models.   

 
These new load cycles have also been updated to reflect that the main chambers at 

these locks are always kept at mid pool levels between lockage operations.  After a 
downstream lockage, the lower gate is closed and the chamber pool is brought to mid pool 
height, that is a pool level half way between the lower and upper pool levels at the site.  After 
an upstream lockage, the upper gate is closed and the chamber pool level is lowered to the 
mid pool level.  The chambers are then held at this mid pool level until the next lockage 
occurs.  If the next lockage is for an upstream transfer, the chamber is lowered to the lower 
pool elevation, and the lower gate is opened to receive the vessel.  If the next lockage is for a 
downstream transfer, the chamber is refilled to the upper pool level, and the upper gate 
opened to begin the downstream lockage.  Thus, in addition to the normal load cycle for each 
complete lockage, there is a partial load cycle on the gate in between lock transfers.  When a 
lockage has been completed and another lockage is waiting, this intermediate or partial cycle 
is not performed.  The updated load cycles for these upper Ohio locks accounts for these 
partial load cycles.  This is incorporated into the risk and reliability evaluation by breaking 
each year into the number of cycles for full lockage operations and the number of cycles 
associated with the partial fill and holding operations.  It is assumed that these partial cycles 
have a stress range based on ½ the normal head.  The generated reliability models have been 
benchmarked to correlate with the new load cycle data. 

 
FULL Gate Load Cycle (F) = This cycle occurs one time for each of the upstream and 

downstream gates in a single cut lockage and twice for each gate in a double cut lockage.  A 
FULL gate load cycle represents a complete reversal of the hydrostatic load on either side of 
the gate as created by raising or lowering the chamber level in opposition to the upstream or 
downstream pools. 

 
PARTIAL Gate Load Cycle (P) = This cycle occur immediately at the beginning of a 

lockage, regardless of whether it is a single or double cut lockage.  The partial cycle 
represents the filling or emptying of the chamber starting from a MID-pool elevation to match 
the upstream or downstream pool.  At the beginning of the lockage cycle, this is done to ready 
the chamber for either an up bound or down bound tow.  At the end of the lockage, this is 
done to return the chamber to the MID-pool elevation once the tow has departed.  For a single 
cut or double cut lockage these events occur twice. 
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Approximately one quarter of the total partial cycles represent the following load 
cycles on the downstream gate;   

1. Chamber level starts at mid-pool elevation and goes up to the upper pool 
elevation to receive a downstream bound tow, 

2. Chamber level starts at mid-pool elevation and goes down to the lower pool 
elevation to receive an upstream bound tow,  

3. Chamber level starts at the upper pool elevation and goes down to mid-pool 
elevation to reset the chamber awaiting the next tow, and  

4. Chamber level starts at the lower pool elevation and goes up to mid-pool 
elevation to reset the chamber awaiting the next tow. 

 

8.4.4 Unsatisfactory Performance for Reliability Analysis 
 

Two types of welded connections are considered in this risk and reliability evaluation 
for fatigue cracking in the vertically framed, main chamber downstream miter gates at 
Emsworth, Dashields, and Montgomery locks.  The first is cracking in the downstream flange 
of the bottom girder at the connections with the vertical beams.  This cracking has been very 
persistent over the years and extends rapidly across the flange and into the girder web once it 
initiates.  Because the bottom girder is a major load path for the vertically framed gates during 
operation, this cracking can have serious consequences.  The bottom girder flange is 2 inches 
thick by 8 inches wide, and there are 10 of these connections on each gate leaf.  It is proposed 
that a 2-inch crack would be an operational concern, a 4-inch crack would be a structural 
concern, and an 8-inch crack would be a serious safety issue.  A 4-inch crack means that the 
cracking has extended to the connection with the web of the girder, and an 8-inch crack would 
imply that the girder flange is severed and cracking is also extending across the web of the 
girder. 
 

The second connection type is on the quoin and miter vertical end beams at the 
connection with the gusset plate used for anchoring the tensioned diagonals.  Cracking into 
the flange of the vertical beam at this connection has occurred on these gates.  This flange is 
¾-inch thick by 16 inches wide.  There are two such connections on each gate leaf.  This is a 
major structural member for load distribution in the gate, and extended cracking here could 
affect the operation of the gate due to excessive deformation.  It is proposed that a 4-inch 
crack would be an operational issue, an 8-inch crack would be a structural concern, and a 16-
inch crack would be a safety concern.  An 8-inch crack means that the cracking has extended 
to the web of this girder and the load capacity and support for the diagonal tensioning bar is 
much reduced.  These limit states are summarized in Table 8.4-D.   
 

The reliability analysis performed included cracking from fatigue or fracture effects 
only.  Corrosion effects were not considered within the reliability analysis. 
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TABLE 8.4-D – Summary of Unsatisfactory Performance for Miter Gates 

Location 
Fatigue Crack Length 

Operational 
Issue 

Structural 
Issue 

Safety 
Issue 

Bottom Girder Flange 2” 4” 8” 

Vertical End Girder Flange 4” 8” 16” 

 
 
For the risk and reliability evaluation, the conditional probabilities that a crack will be 

in one of 4 ranges, denoted as P1, P2, P3, and P4 are needed for coupling to the economic 
based event tree.  The conditional probability here is defined as the probability of the crack 
length developing in the current year given that the gate has not failed at the end of the 
previous year, failure being that the crack has exceeded that identified as the safety limit.  P1 
is the conditional probability that the crack will be less than or equal to that identified as an 
operational issue.  P2 is the conditional probability that the crack is larger than that identified 
as an operational issue but less than or equal to that identified as a structural issue.  P3 is the 
conditional probability that the crack is larger than that identified as a structural issue but less 
than or equal to that identified as a safety issue.  P4 is then the conditional probability that the 
crack has exceeded that associated with the safety issue or has reached a failure limit state.  
These limit states are summarized in Table 8.4-E.  It is noted that the sum of these four 
probabilities should always equal one. 
 

It is also noted that the cracking reliability model predicts very rapid and uncontrolled 
crack extension once cracking initiates in the bottom girder flange, whereas, the crack growth 
rate slows substantially after some initial growth in the quoin/miter end post flanges.  Based 
on the reliability model, significant cycles are needed to extend this cracking across the 
complete flange width on the Quoin/Miter Post flange before a structural safety issue would 
develop. 
 
 

TABLE 8.4-E – Summary of Definitions for Conditional Probabilities 

Location 
Conditional Probability of Failure 

P1 P2 P3 P4 

Bottom Girder Flange > 0, ≤ 2” >2”, ≤ 4” >4”, ≤ 8” > 8” 

Vertical End Girder Flange > 0, ≤ 4” >4”, ≤ 8” >8”, ≤ 16” > 16” 
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8.4.5 Event Tree Development 
 

Several assumptions and information affecting development of the repair strategy and 
consequence computation/consideration that was considered in the event tree development 
include: 
 
1.  When the main chamber is closed to navigation for any of the event tree repair scenarios 
described, all navigation traffic must go through the auxiliary chamber.   
 
2.  The total consequences is the summation of the gate repair costs, gate replacement cost 
and the delay costs imposed on the navigation industry.  It is assumed the delay costs imposed 
on the navigation industry will account for the vast majority of the total consequence cost. 
 
3.  The consequences from the closure of the main chamber, whether the closure is planned or 
unplanned, will yield high cost for repair costs.  The total consequences will be very large 
when delays to navigation are included since all traffic must pass through the smaller 
auxiliary chamber.  
 
4.  The repair would be made by the Districts Repair Party using the appropriate plant, 
equipment, material and labor to complete this work. 
 
5.  Under the various repair scenarios, the gate repair could be performed by either removing 
the gate in the wet and placing the gate on the barge for repairs, or could be performed by 
dewatering the chamber in order to perform the work in the dry with the gate attached to the 
lock wall.   
 
6.  For the two major repair branches, the repairs are performed after the chamber is 
dewatered due to the severity of the damage and extensiveness of the repairs.  In addition 
repairs to the gate sill can only be performed in a dewatered chamber.  Repairs to the gate sill 
would most likely be necessary and required.  Also any extensive gate repairs might result in 
adjusting the pre-tensioning forces in the diagonal member.  This can only be adjusted in the 
dewatered chamber.   
 

One event trees was developed for the main chamber miter gates.  The hazard rate and 
conditional probability adjust the event tree for the specific arrangement and conditions at 
Emsworth, Dashields and Montgomery.  Figure 8.4-C shows the event tree for the main 
chamber miter gates.  
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FIGURE 8.4-C – Main Chamber Miter Gate Event Tree 

8.4.6 Hazard Rate Calculation 
 

The results of this risk and reliability evaluation provide a hazard function for crack 
initiation and conditional probabilities of reaching given cracking levels for 2 types of welded 
connections at the three Upper Ohio sites, Emsworth, Dashields, and Montgomery Locks for 
three different load cycle traffic projections.  The hazard function, h(t), is the conditional 
probability that a crack has initiated in year t given that the crack has not developed by the 
end of year (t-1).  The probabilities for crack growth, P1(t), P2(t), P3(t), and P4(t) are the 
conditional probabilities that each of four ranges of crack length will be reached in year t 
given that the gate has not failed by the end of year (t-1), where failure is defined as the crack 
exceeding a length associated with significant structural safety concerns with continued use.  
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The four crack length ranges are defined as 1) less than or equal to a crack length that would 
cause operational concerns, 2) greater than that associated with operational concerns but less 
than or equal to a crack that would cause structural performance concerns, 3) greater than that 
causing structural performance concerns but less than or equal to that leading to safety issues, 
and 4) greater than the crack length leading to safety concerns.  The particular crack lengths 
are different for each connection depending on the configuration of the connection and the 
consequence of cracking at the connection.  For each site, three variations in traffic 
projections are used in the evaluations.  Thus, there are 18 cases for hazard rates and crack 
length conditional probabilities; each of the three sites has six cases, consisting of two 
connection types and three traffic projections.  To reduce the number of evaluations on the 
gate, the cracking analysis on the bottom girder was determine to be the most critical.  The 
bottom girder analysis was used in the Study for the event tree evaluation for the vertically 
framed miter gates.  The hazard rates are based on finite element analysis models due to 
fatigue cracking and do not consider corrosion or section loss within the evaluation.   
 
 
8.5 CULVERT VALVES RELIABILITY 

8.5.1 Dashields and Montgomery Culvert Valves 
 

The culvert valves at Dashields and Montgomery are of an identical design and 
construction techniques.  The valves are steel rectangular butterfly valves located in the center 
of the culverts in each of the lock walls.  Four valves located in the land and middle walls fill 
and empty the main chamber.  Two valves located in the river wall fill and empty the 
auxiliary chamber.  Each valve is constructed of two rolled steel shapes members running 
horizontally with a welded skin plate attached to upstream and downstream faces connected 
with plate rib diaphragms.  The valve is tapered from the center axle to the tips of the valve 
for a streamline geometry of the valve to allow flowing water to pass the valve relatively 
smoothly and evenly.  The valve remains within the flowing water inside the culvert when the 
valve is opened.  Two different size valves were used at each facility.  For the auxiliary 
chamber (10’x12’) and the main chamber (13’x14’).   

 
A reliability analysis for the rectangular butterfly valves was not performed for the 

Study.  Historically this type of valve has a fairly good record of reliable performance and the 
District routinely replaces these valves under the scheduled routine maintenance.  These 
valves sizes are interchangeable and are used at multiple facilities on the Upper Ohio and the 
Monongahela River.  The valves are routinely removed and replaced with either a newly 
fabricated valve or a newly rehabilitated valve used from a separate facility on a regular basis.   
Because of this a reliability analysis was not performed for the rectangular butterfly valves.  
The scheduled maintenance costs were included in the Study for the rectangular valves, which 
accounts for the repair and renovation of the valves.  The reliability analysis for the 
mechanical systems associated with these valves is included in the Study and is described a 
separate report section.      
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8.5.2 Emsworth Culvert Valves 

8.5.2.1 Background Information 
 

A risk and reliability assessment was not previously performed on the culvert valves at 
Emsworth.  Based on the problematic nature with the culvert valves associated with the 
system a reliability assessment is performed within this Study.   
 
Main Lock Chamber Filling and Emptying System 
 

At Emsworth Locks the main chamber filling and emptying valves are multiple 
circular butterfly valves located within the Middle Wall only and are constructed using the 
original lock design arrangement and design standard circa 1920.  Chamber filling and 
emptying provisions are not provided within the Land Wall.  A penstock exists within the 
Land Wall, and was used until 1950's for power generation at the lock, then discontinued.  In 
1984 modifications were made to try and use this penstock as a supplemental filling system 
for the main chamber.  This supplemental filling system was discontinued circa 1986 because 
it did not perform as intended and with the efficiency desired.  The bulkhead was set in the 
upstream penstock intake and left in place.   
 

Filling and emptying of the chamber occurs from the Middle Wall with the filling 
valves located in the upper half of the lock chamber and the emptying valves located in the 
lower half of the chamber.  The filling valves are oriented perpendicular to the wall and are 
located close to the riverward face of the wall on individual ports which draw water from the 
upper approach of the auxiliary chamber into the chamber.  The emptying valves are oriented 
perpendicular to the wall and are located close the landward face on individual ports that feed 
a 14-foot diameter emptying system round culvert located in the middle wall which then 
channels the emptying water within cross culverts under the auxiliary chamber and discharges 
into the river downstream of the dam.   
 

The filling and emptying valves and culvert are two separate and isolated systems and 
do not use any common culvert.  The main chamber has 15 filling valves (with 14 operating 
currently) and 16 emptying valves (15 operating currently).  The chamber can filled and 
emptied satisfactorily, but with reduced efficiency with a partial number of valves in 
operation.  The valves have a diameter of 6'-0" within a 5'-4" round opening within the valve 
frame and are rotated open and closed using a valve shaft that runs vertically upward from 
each valve which is connected to a sector gear and rack assembly and to individual hydraulic 
cylinders mechanical system.  The valve is normally inclined approximately 8 degrees with 
respect to the valve frame in the closed position. 
 
Auxiliary Chamber Filling and Emptying System 
 

The auxiliary chamber filling and emptying valves are multiple round valves located 
within the River Wall only, which are identical with the main chamber valves.  Filling and 
emptying of the chamber occurs from the river wall with the filling valves located in the 
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upper half of the lock chamber and the emptying valves located in the lower half of the 
chamber.  The filling valves are oriented perpendicular to the wall and are located close to the 
landward face on individual ports which draw water from the river upstream of the dam into 
the chamber.  The emptying valves are oriented perpendicular to the wall and are located 
close the landward face on individual ports which discharges into the river downstream of the 
dam.   
 

The filling and emptying valves are two separate and isolated systems.  The auxiliary 
chamber has 6 filling valves and 6 emptying valves.  The chamber can be filled and emptied 
satisfactorily with a partial number of valves in operation.  The valves have a diameter of     
6'-0" within a 5'-4" round opening within the valve frame and are rotated open and closed 
using a valve shaft that runs vertically upward from each valve which is connected to a sector 
gear and rack assembly to the hydraulic cylinders mechanical system.  The valve is normally 
inclined approximately 8 degrees with respect to the valve frame in the closed position.   
 

Figure 8.5-A shows the location and general arrangement of the filling and emptying 
system for both the main and auxiliary chambers at Emsworth.  
 
 

 
FIGURE 8.5-A – General Arrangement Filling and Emptying System - Emsworth 
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8.5.2.2 Description of the Culvert Valves 
 

The filling and emptying system consists of a set of valves configured to port water 
into the lock from the upper pool (filling valves) and to port water out of the lock to the lower 
pool (emptying valves).  Figure 8.5-B shows the general arrangement for a typical valve.  

 
 

 
FIGURE 8.5-B – Typical Valve Component Schematic View 

 
The valve consists of a horizontally oriented hydraulic cylinder that drives a rack gear 

and a horizontal axis sector gear set.  These components are located just below the top of the 
lock walls.  The sector gear drives a shaft that extends down through the lock wall monoliths 
to the butterfly valve and casing assembly embedded in the wall port. The shaft is radially 
supported by bushings at the sector gear and the top and bottom of the valve blade. Axial 
support of the rotating blade assembly is nominally provided by a lower end thrust bearing, 
although as noted in the design drawing review, the actual bearing support may alternatively 
be provided by the sector gear hub (hanging valve blade) or the lower end blade hub bearing 
on the casing. The filling ports are located at the bottom of the monoliths allow the chamber 
to be filled or emptied with water.  The valve blade seats against the metal frame embedded in 
the wall to prevent water from passing the valve.  When the valve is open the valve blade is 
turned inline with the opening and water passes on either side of the blade.  This filling and 
emptying system arrangement is unique and is problematic requiring frequent maintenance at 
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several critical locations and also causes the formation of turbulence from the water entering 
the chamber.   
 

Flow across the chamber impacts the land wall and is deflected vertically. The vertical 
surge of water and asymmetric filling from only one wall sets up a water surface differential 
and associated wave in the transverse direction. This hydraulic condition causes tows, when 
moored to the land wall or middle wall, to pull away from the wall and imposes hawser loads 
greater than that which the lock walls were originally designed. Emsworth experienced an 
accident during filling of the main 110-foot wide chamber as described above. The direct 
cause of the accident was too rapid asymmetrical filling of the chamber, which imposed 
hawser forces that exceeded the strength of the primary securing line of the tow. The line 
failed and the tow impacted the upper miter gates. 
 

8.5.2.3 Finite Element Modeling and Issues 
 

A finite element model and analysis was performed to investigate the system.  Based 
upon the system analysis and actual maintenance records, the two primary failure modes for 
round butterfly valves are overstressing the bolts connecting the vertical valve shaft and the 
valve blade, or overstressing the weld connecting the sector gear to the vertical valve shaft.   

 
For the first failure mode, the valve blade is connected to the shaft at the top and 

bottom of the shaft using four bolts at each location.  The deformation of the bolts occurs first 
at the top most bolt and progressively deforms the remaining bolts down the valve body.  The 
problems with the bolted connection cause shear deformation within the bolt or the holes in 
the shaft become deformed and elongated due to the twisting action of the shaft.  Historically 
during maintenance activities and inspections, on frequent occasions the bolts were found 
deformed and difficult to remove from the shaft or the holes within shaft were deformed and 
elongated.   

 
For the second failure mode, the weld between the sector gear and the valve shaft is 

connected with a field applied partial penetration bevel weld with a fillet weld backer after the 
valve system is assembled.  Historically during the maintenance activities and inspections, 
this weld has found to be cracked on occasion.   

 
In addition the two primary failure modes are directly influenced and exacerbated 

from the closing torque applied to the shaft from mechanical system operation in order to seat 
and wedge the valve blade against the valve frame embedded within the lock walls to obtain 
water tight or a low leakage seal around the valve blade.   

 

8.5.2.4 Unsatisfactory Performance for Reliability Analysis 
 

The valve blade, shaft, sector gear and hydraulic cylinder system for each valve 
system is operated in a parallel arrangement and can be isolated from the entire 
filling/emptying system.  Because of the number filling and emptying valves for each 
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chamber, failure of one single valve does not result in the closure of the lock chamber from 
navigation until the failure is corrected but affects the performance of the lock chamber and 
the filling and emptying cycling times for the existing chambers.  Therefore a minimum 
number of valve systems that become non-operational is defined as the point of unsatisfactory 
performance.  This point is defined when eight or less valves remain in service.  For the filling 
system 8 of 14 filling valves in operation (6 of 14 valves non-operational), and for the 
emptying system 8 of 15 filling valves in operation (7 of 15 valves non-operational) 

8.5.2.5 Event Tree Development 
 

Several assumptions and information affecting development of the repair strategy and 
consequence computation/consideration that was considered in the event tree development 
includes: 
 
1.  When the main chamber is closed to navigation for any of the event tree repair scenarios 
described, all navigation traffic must go through the auxiliary chamber.   
 
2.  The total consequences is the summation of the valve repair costs, valve replacement cost 
and the delay costs imposed on the navigation industry.  It is assumed the delay costs imposed 
on the navigation industry will account for the vast majority of the total consequence cost. 
 
3.  The consequences from the closure of the main chamber, whether the closure is planned or 
unplanned, will yield high cost for repair costs.  The total consequences will be very large 
when delays to navigation are included since all traffic must pass through the smaller 
auxiliary chamber.  
 
4.  The consequence from the closure of the auxiliary chamber, whether the closure is planned 
or unplanned, will yield significant repair costs.  The total consequences will be small when 
compared against the consequence of closing the main chamber because the delay impacts 
and costs to navigation would be small.  This is assumed because navigation traffic will go 
through the larger main chamber and would not be adversely affected by the closing of the 
auxiliary chamber.  
 
5.  Performing maintenance on the river wall filling and emptying valves requires the 
complete closures of the auxiliary chamber.  In addition repair of the filling and emptying 
valves requires the auxiliary chamber to be completely dewatered.  Other work such as miter 
sills and quoins and miscellaneous miter gate repairs are conducted during these periods as 
time permits if part of a scheduled chamber closure and maintenance period.    
  
6.  Performing maintenance on the middle wall filling valves does not require the chamber to 
be dewatered and is performed using Open Bulkheads set in the auxiliary chamber and Flat 
Bulkheads set within and against the main chamber.  The work is performed from the 
auxiliary chamber and the traffic in the main chamber is left open, but with size restrictions.  
Traffic must be tied to the Land Wall and the chambers operating speed reduced to 1/2 the 
rate of normal operation.   
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7.  Maintenance on the middle wall emptying valves occurs from the main chamber and 
requires dewatering of the main chamber.  Other work such as miter sills and quoins and 
miscellaneous miter gate repairs are conducted during these periods as time permits if the 
repairs are part of a scheduled main chamber closure and maintenance time period. 
 
8.  The repair costs were developed with the assistance from the District’s Repair Party staff.  
The repair costs include the replacement material costs for the valve, shaft, and bolts; plant; 
equipment and labor in order to access and conduct the repairs using the District Repair Party 
staff.   
 

Different event trees were developed for the main chamber and auxiliary chamber.  
Figure 8.5-C shows the event tree for the main chamber and Figure 8.5-D shows the event 
tree for the auxiliary chamber.   
 

 
FIGURE 8.5-C – Main Chamber Valves Event Tree 
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FIGURE 8.5-D – Auxiliary Chamber Valves Event Tree 

 

8.5.2.6 Hazard Rate Calculation 
 

The reliability analysis models were created to provide a time dependent assessment 
of a typical single F/E valve subsystem using a block diagram formulated in accordance with 
the approach of EC 1110-2-6062 - Chapter 7.  In addition for the shaft to valve blade bolted 
connection and shaft to sector gear welded connection a Monte Carlo simulation technique 
was used to estimate the reliability of a typical item using computer simulation software.   
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FIGURE 8.5-E – Reliability Block Diagram 
 

The reliability for the valve operating system was calculated combining the reliability 
of each of the components shown in the diagram in Figure 8.5-E.  The hazard function or the 
failure rate represents the proneness to failure of a component as a function of its age or time 
in operation. It reflects how the reliability of a component changes with time as a result of 
various factors such as environment, maintenance, loading and operating condition. The 
hazard function can be defined as the instantaneous conditional probability of failure of an 
item in the next unit of time given that it has survived up to that time.  

 
The hazard function reliability of the filling and emptying system was combined using 

an “m out of n” system analysis approach using the binomial summation.  If any combination 
of m units out of n independent units arranged in parallel work, it guarantees the success of 
the system.  The main chamber is equipped with 14 filling valves and 15 emptying valves all 
arranged in parallel. The auxiliary chamber is equipped with six filling valves and six 
emptying valves arranged in parallel.  The locking operation produces unsatisfactory 
performance if the total number of operating valves is less than eight for the filling or 
emptying system of the main chamber and three for the filling or emptying system of the 
auxiliary chamber.   Therefore, the minimum number of valves necessary to be in operation 
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from the reliability standpoint is 6 for the filling system, 7 for the emptying system of main 
chamber and 3 for both filling system and emptying system of the auxiliary chamber. This is 
essentially the calculation of the availability of 6 valves out of total 14 valves for the main 
chamber filling system and so on. 

 
 
8.6 LOCK WALLS MONOLITH RELIABILITY 
 

The concrete lock walls are composed of anchored concrete monoliths at Emsworth, 
Dashields and Montgomery.  These monoliths are anchored using both unstressed anchors and 
pre-tensioned anchors and vary depending on the location. The anchored concrete monolith 
lock walls are considered to be time dependent (reliability changes with time) because the 
anchors are subjected to fatigue and corrosion.  
 

8.6.1 Description of the Lock Walls 
 
Lock walls provide a vital role in the function and continual performance of the lock 

chambers.  The lock walls provide many different roles include providing structural support to 
the soil material, and water surfaces; provide a means for filling and emptying the lock 
chambers by conveying the necessary water within the walls to raise and lower the vessels; 
provides structural support to all gates and valves; provide a rubbing surface to all vessels and 
provide a mooring point vessels while within the chamber.  In most instances without the 
continual satisfactory performance of the lock walls, the lock chamber would cease to 
function.   

 
The lock walls are constructed by various in wall sections called lock wall monoliths.  

Each monolith is typically designed to functions and operates independently of the adjacent 
wall monoliths.  The walls are composed of several monoliths types.  These types include 
typical monoliths that comprise most of each wall section, and critical monoliths such as 
valve monoliths (sections that contain the lock valves) and gate monoliths (sections that 
support the miter gates.   

 
The lock walls at Emsworth, Dashields and Montgomery are composed of concrete 

walls lock monoliths that either un-reinforced (without any steel reinforcing bars) or are only 
reinforced in very localized regions.  During the 1980’s rehabilitation, all of the lock walls 
were anchored using a variety of anchoring methods.  Some of the anchors are unstressed 
anchors (large diameter reinforcing steel bars drilled and grouted in the concrete and 
foundation).  Some of the anchors are pre-tensioned anchors (stress steel bars or strands 
drilled and grouted in the concrete and foundation) with bearing plates on the concrete 
surfaces applying tension loads to each of the monoliths.  These monoliths rely on the 
integrity of the concrete section and the anchoring support provided by the anchors for the 
stability of the wall section.  In addition because the walls sections do not contain steel 
reinforcing bars, cracking and crack propagation within the walls cannot be controlled and 
can compromise the integrity of the walls.   
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8.6.2 Background Information 
 

A risk and reliability assessment was previously performed within the ORMSS Study 
for the lock walls wall components.  Based on the age and deteriorated condition of the lock 
walls in general and as well as extensive cracking of critical monoliths a reliability assessment 
is also performed within this Study. 

 
Acceptable methods to calculate the probability of unsatisfactory performed are 

identified within USACE guidance (EP 1130-2-500, Appendix B).  Expert Elicitation is one 
of the acceptable methods, recommended for when “there is insufficient data to develop the 
probabilities from historical frequencies of occurrence or analytical procedures”.  This 
guidance document also states that “Expert Elicitation should only be used in consultations 
with CECW-E”.   

 
During the summer of 2000, Pittsburgh District in consultation with CECW-E, 

prepared a plan to conduct an expert elicitation of the probabilities of unsatisfactory 
performance of several mass concrete components for Emsworth, Dashields and Montgomery 
Locks.  From Early 1997 until mid 2001, Mr. Bruce Riley was working for CECW-E where 
one of his primary areas of responsibility was Risk and Reliability.  He provided the link 
between the Pittsburgh District team, CECW-E, and the academic community, in particular 
Dr. Bilal Ayyub, who at the time was working under contract with the Corps in development 
of Risk and Reliability concepts as applied to water resource structures.  Dr. Ayyub is an 
authority on the methods and constraints in the use of Expert Elicitation to determine 
meaningful probabilities of a defined performance function.  Dr. Ayyub worked as a reviewer 
for this Expert Elicitation exercise and advisor to Mr. Bruce Riley.  The purpose of his 
involvement was to assure the integrity of the process and lend legitimacy to the results.  Mr. 
Robert Patev, formerly of ERDC, currently a North Atlantic Division Regional Technical 
Specialist for Navigation with the New England District, was also involved as a reviewer for 
this expert elicitation process and an advisor to Mr. Bruce Riley.  Mr. Patev has an extensive 
background in the application of probabilistic analyses to Corps of Engineers projects and 
studies.   

 
The results of the expert elicitation process as performed by the District, facilitated by 

Mr. Riley, independently reviewed by Dr. Ayyub and Mr. Patev, were used to provide the 
probabilities of unsatisfactory performance that were input into the economic model for 
ORMSS System Investment Plan.  The results of that study were accepted, including 
recommendations suggesting EDM have reached the point where major investments are 
needed.   In order to determine the best investment plan, Pittsburgh District was directed to 
undertake a feasibility study for the subject projects.  This study was to be comprehensive, 
covering all three projects, complete in three years for a cost of $10M.  In order to meet these 
constraints it was understood that the original Ohio River Main Stem Study would form the 
background for the new study.   

 
Since Risk and Reliability, presented in the form of probabilities of unsatisfactory 

performance, are a key component to any investment plan, Pittsburgh District Project 
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Delivery Team undertook to have a “validation” of the previous expert elicitation performed.  
A team of prominent engineers were engaged to review the entire process and provide 
comments.    

 
The review team evaluated the following: the expert elicitation processes; the 

resolution of comments provided by Independent Technical Review on the expert elicitation; 
the method used to develop lock wall hazard functions; and the relevancy of the data to 
current conditions at the locks.  The review team also commented on their level of 
confidence/uncertainty with the outcomes of the 2000 expert elicitation.  One must remember 
though that many times it is difficult for practicing engineers, whose training and experience 
is grounded in deterministic to fully comprehend the nuances of a probabilistic analysis.  This 
review provided the District with an opportunity to understand how others may view the 
process and results.  It allowed the District to address these concerns prior to submission of 
the feasibility report.  The District developed a two phased approach, one phase involved 
engaging the original reviewers, Patev & Ayyub, to review the comments and provide their 
thoughts on how we should consider their comments.  At the same time the District contracted 
with a consulting engineering firm, to perform higher level analyses, using the finite element 
method, to verify the failure modes used in the elicitation, or identify new failure modes.  This 
work is very detailed and it is not realistic to think we could examine each mode for each lock 
in a study.  The results of this higher level analyses corroborates that the assumed failure 
modes are possible.   

 
In addition to the analyses, inspections were undertaken to inspect areas of the lock 

walls that are typically inaccessible during normal operation.  The Emsworth Main Chamber 
lock was dewatered in order to perform maintenance to the emptying valves in addition to 
other areas of the lock from 6 July 2009 to 24 July 2009.  An inspection team from the 
Pittsburgh District performed an inspection into the penstock tunnel within the land wall to 
investigate and document if cracking was occurring as the Expert Elicitation and higher level 
analyses indicated.  The inspection team observed many cracks within the penstock tunnel 
orientated in both the transverse (perpendicular to the lock wall) and longitudinal (along the 
lock wall).  A significant longitudinal crack was observed along the entire length of the 
culvert. This crack was approximately at the 2 o’clock position looking in the downstream 
direction in the general region indicated by the Expert Elicitation and higher level analyses. 
Water seepage was present along this crack in some areas with the surface of the concrete 
below this crack observed being wet. This seepage was originating from the soil backfill 
behind the lock wall and entering the penstock tunnel.  Other cracks were observed running 
longitudinally in the ceiling of the culvert, along the right face (looking downstream), and a 
transverse crack along the right face. Water seepage was also observed from these cracks. In 
addition one lock wall monolith (possibly L-46) was observed with a downward shift on the 
top and side surfaces of the tunnel relative to the adjacent monoliths. This downward 
displacement was approximately 1-inch.  The inspection indicated that cracking within the 
lock wall has occurred and seepage through the wall is evident.   

 
Concurrently, the Pittsburgh District Project Delivery Team met with members of the 

Risk and Reliability Directory of Expertise (D. Schaaf, D. Margo, A. Harkness, R. Allwes) to 
discuss methods to revise the development of the hazard function.  Simplified hazard 
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functions have been developed in a manner consistent with the work that the Directory of 
Expertise is involved in and is described in further detail in subsequent sections. 

 
In summary, based on the information provided to address the issues raised by the 

validation reviewers the District believes the expert elicitation was performed according to 
standard practice at the time, that the experts relied upon were knowledgeable and forthright 
and the finite element analyses performed to verify the failure modes combine to provide 
adequate justification for inclusion of the Expert Elicitation results in the current study. 
 

8.6.3 Lock Wall Issues and Modeling 
 

The primary structural problems with the existing EDM structures are (1) numerous 
internal cracking of concrete of lock wall monoliths; and (2) questionable stability of the lock 
walls and dam sections.  These problems currently exist and will get worse with time if not 
adequately addressed.  Extensive maintenance activities have occurred at each of these 
projects throughout their histories.  Additional concerns about reliability of the dam gates and 
scour protection for the Emsworth Dams are being addressed in an on-going major 
rehabilitation project.  Although current stability analyses of the Dashields and Montgomery 
dams do not indicate instability issues that require immediate attention, the amount of these 
structure’s bases that are in compression under normal operating conditions do not conform to 
the current guidance for gravity dam structures.  A program of anchoring Dashields dam 
under some of the proposed alternatives may be considered to bring these structures into 
conformance with the current criteria.  Montgomery Dam is the subject of a Dam Safety 
Assurance Report and will not be addressed in this study. 
 

These problems were previously addressed by major rehabilitations conducted at each 
of these sites during the 1980’s.  Major rehabilitation projects are extensive maintenance 
efforts generally involving the repair of major structural and stability deficiencies of the 
concrete walls and the replacement of worn and obsolete mechanical equipment and electrical 
features whose failure would affect the safe operation of the facility.  The selected work for 
EDM was determined by balancing the work that needed to be accomplished with associated 
project cost and most acceptable lock closure period (representing navigation industry costs).   
 

Prior to the major rehabilitation effort at EDM, horizontal and vertical surfaces of 
these walls were in advanced stages of deterioration and there were concerns about the 
stability of various wall sections.  Concrete cracking and deterioration is typically a concern 
primarily at projects constructed prior to 1950, before the advent of air-entrainment in 
concrete.  Non air-entrained concrete is particularly susceptible to weathering and freeze-thaw 
damage.  Another reason for these concerns is the construction practices of the 1920’s and 
1930’s, including mix-design, placement, consolidation, curing, and cold/hot weather 
protection were much less stringent compared to the quality control tolerances that are 
required for a similar project constructed today.  For example, some construction seasons 
extended into the winter months, with little or no protection used to protect the newly placed 
concrete from the elements.  Still another contributing factor is the raising of the Emsworth 
upper pool in 1935 that increased structural loads on the concrete walls.   
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Although the overall effort was to improve the operational efficiency and reliability, it 

was also intended to do so for only about 25 years while decisions relating to replacement are 
finalized. Two major aspect of the major rehabilitation at each facility were the removal and 
replacement of cracked surface concrete and stabilization of lock walls.  As the lock walls 
were not rebuilt, all cracking could not be addressed, but a new surface of air entrained 
concrete was provided to limit the exposure of the underlying concrete from the freeze-thaw 
mechanisms and thus slow down the rate of cracking.  The major rehabilitation also included 
replacement of lock gates and repair of dam gates in addition to other features that were found 
inadequate during detailed investigations performed during the preparation of the individual 
Feature Design Memoranda.    A more detailed description of the rationale for and description 
of this work are included in the referenced reports.   
 

The reliability assessments performed identified several issues for lock walls that were 
evaluated.  The assessments for the lock wall are developed using a combination of several 
processes including the expert elicitation process and mathematical engineering stability.  
Table 8.6-A summarizes the issues for the lock walls and identifies the locations where these 
issues are applicable and were evaluated.   

 

TABLE 8.6-A - Summary List of Lock Wall Component Issues  
 

Lock Wall Issues  

Issue E
m

sw
or

th
 

D
as

hi
el

ds
 

M
on

tg
om

er
y 

Issue 1 - Land Wall Stem Failure X X X 
Issue 2A - Land Wall Gallery Face Failure   X X 
Issue 2B - Land Wall Culvert Face Failure X     
Issue 2C - Middle Wall Culvert Face Failure X     
Issue 3 - Land Wall Monolith Failure Above Culvert Base   X X 
Issue 4 - Middle Wall Monolith Splits   X X 
Issue 5 - Main Chamber Miter Gate Anchorage Problems X X X 
Issue 6A - Main Chamber Face Deterioration X X X 
Issue 6B - Approach Wall Face Deterioration X     
Issue 7 - Main Chamber Valve Recess Failure   X X 
Land Wall Stability X X X 
Middle Wall Stability    X   
River Wall Stability     X 
Guide Wall Stability X X*   

 
*  Dashields Guide wall is currently in a state of exigent failure 
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The failure mechanisms are divided into several groups that include internal failure 
mechanisms (a failure occurs within the concrete monolith by cracking or deterioration 
causing partial or complete failure of the lock wall monolith), or global failure mechanisms (a 
failure occurs to the entire concrete monolith section causing the monolith to slide, or rotate 
as one unit.  Each of the issues is briefly described below and illustrated in Figure 8.6-A.   
 

 
   LAND WALL    MIDDLE WALL 
 

FIGURE 8.6-A – Concrete Monolith Lock Wall Failure Modes (Issues)   
 
 Following years of different attempts at estimating the concrete structural reliability, 
including the possible development of analytical models, it was decided that a condition 
assessment of these three projects combined with an expert elicitation was the appropriate 
tools to complete this essential task.  In September of 2000 a five-person panel of experts was 
assembled to estimate the current and future reliability of the concrete lock wall structures on 
the Upper Ohio (Expert Elicitation for Concrete Monoliths at Emsworth, Dashields and 
Montgomery Locks and Dams, Ohio River).  The Expert Elicitation established probabilities 
of failures, the potential consequences for various failure modes and estimated the impacts to 
the expected service life of several repair or replacement options for concrete wall sections.  
Figure 8.6-A shows the failure scenarios involving crack propagation through the monoliths.   
 

After the Expert Elicitation advanced finite element analytical models were developed 
to analytically evaluate the lock walls and compare the results against the results developed 
from the Expert Elicitation.  A land wall lock wall monolith and a middle wall lock wall 
monolith were selected and analyzed in order to represent lock walls at Emsworth, Dashields 
and Montgomery Locks.  Specifically a land wall at Emsworth and a middle wall at 
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Montgomery were investigated.  The following few paragraphs describe how the results of the 
expert elicitation were validated by the advanced finite element analyses.   
 

 
FIGURE 8.6-B – Land Wall Expert Elicitation Failure Modes and Finite Element 

Comparison   
 

Figure 8.6-B shown above and Figure 8.6-C shown below illustrate a comparison of 
the failure modes theorized in the Expert Elicitation (left most figure) against the results from 
the finite element modeling (right two figures).  The results from the finite modeling validate 
the potential for cracking within the monoliths within the land wall.  The locations where 
cracking occurred within the finite element models are illustrated in red.  The specific lock 
wall section analyzed at Emsworth did not have a gallery located within the upper section of 
the lock wall monolith as the other two facilities did indeed have a gallery.  The cracks 
emanating around the land wall penstock are propagating from both the inside surface of the 
penstock and from the backfill behind the land wall.  The cracking within the upper stem 
region are emanating from the earthen backfill.  These disturbing cracking trends are very 
difficult to monitor because of the presence of the earthen backfill behind the wall or requires 
the chamber to be pumped dry which is a significant efforts.  If the connection of two 
cracking planes within a concrete monolith would occur to form one failure plane, a 
catastrophic failure of the lock wall would occur.   
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FIGURE 8.6-C – Land Wall Expert Elicitation Failure Modes and Finite Element 

Comparison   
 
Figure 8.6-D shows the present concern with internal structural cracking in the middle 

wall.  Cracks can propagate through the deteriorated mass concrete from a gallery to the 
surface until portions of the monolith are isolated and prone to literally separating from the 
main section of concrete and dropping into the river.  The fact that interior concrete is non-air 
entrained and not extensively reinforced with steel bars heightens the concern that such 
propagation is likely in the future. 
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FIGURE 8.6-D - Middle Wall monolith M-8, Montgomery Locks. Pre-

rehabilitation condition 
 
Figure 8.6-D above shows the existing pre-rehabilitation cracked condition of the 

middle wall monolith M-8 at Montgomery Locks.  Verified vertical crack planes extended 
completely from the filling culvert to the floor of the pipe gallery and from the ceiling of the 
gallery to the top of the lock wall.  This cracked condition occurs in the majority of the middle 
wall monoliths at Montgomery locks.  Approximately six (6) monoliths have an open vertical 
crack that communicate directly between the pipe gallery and filling culvert, and mostly all 
middle wall monoliths have an open vertical cracks between the ceiling of the pipe gallery 
and the top of the lock wall.  Additional horizontal open cracks occur in the walls of the 
monoliths, with some extending to the faces of the walls at the lock chamber. 
 

The cracking experienced in the Montgomery middle wall also occurred in the land 
wall and river wall at this facility. 
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FIGURE 8.6-E - Middle Wall monolith M-8, Montgomery Locks.  Post 1985 
Rehabilitation. 

The 1985 rehabilitation of the lock attempted to pin and slow the propagation of these 
cracks by restraining their movement and by encapsulating the non-air entrained concrete 
with a protective cover of more durable air-entrained concrete.  Figure 6.4-D shows the post 
rehabilitation condition of the middle wall monolith.  A 1-foot thick reinforced concrete 
overlay was placed atop the old deteriorated concrete and further fixed to the old concrete 
with dowels.   Four 1-inch diameter bars were installed through the crack between the filling 
culvert and pipe gallery in an attempt to further restrain the crack from opening wider.     
 
 The intent of these measures was an attempt to prevent water from reaching the 
interior concrete that remains susceptible to additional deterioration due to freeze/thaw action, 
and thereby retard deterioration rates.  However, the most recent field observations at these 
three projects indicate that water is reaching the deteriorated concrete, causing the concrete to 
become saturated and susceptible to additional deterioration.  There are cracks throughout 
various monoliths at each of the projects.  At Emsworth, there are structural cracks (cracks 
due to excessive tensile stresses that threaten the durability of walls) in areas such as around 
gate anchorages.  At Dashields and Montgomery, there are “working” cracks (open cracks 
that have not sealed through the deposition of carbonates and are generally wet or seeping 
after a rainfall) along the ceilings of the pipe galleries in the middle and river walls.  There 
were also stability concerns with the lock chamber walls at each of these projects that were 
addressed through installation of “passive” anchors to resist movements, meaning that they 
only provide resistance after movement of the monolith occurs.  These anchors were not 
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designed to provide a long-term solution to wall stability.  A major factor limiting their 
effectiveness is that the anchors, protected with only a single layer of corrosion protection 
material, extend through a corrosive coal seam.  These anchors were installed during lock 
operations, during which chamber pool levels were fluctuating and induced anchor loads 
uncertain.  On top of these concerns, the drilling has left little room to accommodate 
additional anchors of these walls for stabilization. 
 

 
FIGURE 8.6-F – Middle Wall Expert Elicitation Failure Modes and Finite Element 

Modeling Comparison   
 

Figure 8.6-F shown above and Figure 8.6-G shown below illustrate a comparison of 
the failure modes theorized in the Expert Elicitation (left most figure) against the results from 
the finite element modeling (right two figures).  The results from the finite modeling validate 
the potential for cracking within the monoliths within the middle wall.  The locations where 
cracking occurred within the finite element models are illustrated in red.  The cracks are 
emanating from the middle wall culvert and have propagated into the gallery.  Also cracks 
emanating from the middle wall culvert bulkhead recess are propagating toward the gallery 
and culvert level.  Some of these disturbing cracking trends are very difficult to monitor 
because of requires the chamber to be pumped dry in order to gain access to the culvert level 
which is a significant effort.  Water is currently leaving the culvert from the main chamber 
level and spilling into the gallery through the cracks in the gallery floor during each lockage 
cycle within the main chamber.  If the connection of two cracking planes within a concrete 
monolith would occur to the foundation with failure of the wall pinning to form one failure 
plane, a catastrophic failure of the lock wall would occur.   
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FIGURE 8.6-G – Middle Wall Expert Elicitation Failure Modes and Finite Element 

Modeling Comparison   
 
 

The reliability assessments performed identified several issues for lock walls that were 
evaluated.  The assessments for the lock wall are developed using a combination of several 
processes including the expert elicitation process and mathematical engineering stability.  The 
following summarizes the issues for the lock walls and identifies the locations where these 
issues are applicable and were evaluated.   
 
Issue 1 – Land Wall Stem Failure 
 

The land wall at Emsworth contains a top section that is 5 feet thick and 10 feet high 
before the wall steps back to a wider section.  The thin stems of Emsworth were reinforced 
with No. 11 epoxy-coated rebar on 8 ft centers during the major rehabilitation.  However, the 
developed lengths were based on plain, not epoxy-coated rebar and are deficient according to 
current ACI 318-99 design code.  Both land wall stems of the Dashields and Montgomery are 
the same configuration as Emsworth’s, except that the stem widths are 10 ft thick and no 
reinforcement was provided during the major rehabilitations.  If a crack developed through 
the stems of any of the three projects, the section would possibly become unstable and could 
move toward the chamber.  Three degrees of unsatisfactory performance have been defined: 
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1) A crack through the section has been confirmed, but no displacement has taken 
place.  The lock would continue to operate until a repair plan has been developed, at which 
time the lock would be closed long enough to pin the concrete section together. 

 
 2) The section has experienced noticeable displacement.  The lock is closed long 
enough to stabilize the section and mill the chamber face to align with the rest of the wall. 

 
3) The section has experienced significant displacement and must be replaced. The 

lock cannot be operated until the top of the monolith is reconstructed. 
 
 
Issue 2A – Land Wall Gallery Face Failure 
 

Pipe galleries are frequently located within monoliths only a few feet from the 
chamber face of the wall.  Cracks have been detected in the gallery floor and ceiling and on 
the face of the chamber wall.  Propagation of these cracks through the entire monolith could 
produce an unstable section and movement into the chamber.  Three degrees of unsatisfactory 
performance have been defined: 

 
1) A crack through the section has been confirmed, but no displacement has taken 

place.  The lock would continue to operate until a repair plan has been developed, at which 
time the lock would be closed long enough to pin the concrete section together. 

 
2) The section has experienced noticeable displacement.  The lock is closed long 

enough to stabilize the section and mill the chamber face to align with the rest of the wall. 
 
3) The section has experienced significant displacement and must be replaced. The 

lock cannot be operated until the wall between the gallery and the chamber has been 
reconstructed. 

 
 

Issue 2B – Land Wall Culvert Face Failure 
 
Cracks have been found in the ceiling and floor of the pipe galleries leading to the 

possibility of continuous cracks between the gallery and the culvert below and to the chamber 
face.  This crack orientation could result in the isolated section of concrete moving into the 
chamber.  Three degrees of unsatisfactory performance have been defined: 

 
1) A crack through the section has been confirmed, but no displacement has taken 

place.  The lock would continue to operate until a repair plan has been developed, at which 
time the lock would be closed long enough to pin the concrete section together. 

 
2) The section has experienced noticeable displacement.  The lock is closed long 

enough to stabilize the section and mill the chamber face to align with the rest of the wall. 
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3) The section has experienced significant displacement and must be replaced. The 
lock cannot be operated until that portion of the monolith has been reconstructed. 
 
 
Issue 2C – Middle Wall Culvert Face Failure 
 
 Cracks have been found in the ceiling and floor of the pipe galleries leading to the 
possibility of continuous cracks between the gallery and the culvert below and to the chamber 
face.  This crack orientation could result in the isolated section of concrete moving into the 
chamber.  Three degrees of unsatisfactory performance have been defined: 
 
 1) A crack through the section has been confirmed, but no displacement has taken 
place.  The lock would continue to operate until a repair plan has been developed, at which 
time the lock would be closed long enough to pin the concrete section together. 
 
 2) The section has experienced noticeable displacement.  The lock is closed long 
enough to stabilize the section and mill the chamber face to align with the rest of the wall. 
 
 3) The section has experienced significant displacement and must be replaced. The 
lock cannot be operated until that portion of the monolith has been reconstructed. 
 
 
Issue 3 – Land Wall Monolith Failure Above Culvert Base 
 
 Cracks may form from the culvert to the chamber and landward face of the monolith.  
Extensive cracks on both sides of the culvert could result in the isolated section of concrete 
moving into the chamber.  Three degrees of unsatisfactory performance have been defined: 
 
 1) A crack through the section has been confirmed, but no displacement has taken 
place.  The lock would continue to operate until a repair plan has been developed, at which 
time the lock would be closed long enough to pin the concrete section together. 
 
 2) The section has experienced noticeable displacement.  The lock is closed long 
enough to stabilize the section and mill the chamber face to align with the rest of the wall. 
 
 3) The section has experienced significant displacement and must be replaced. The 
lock cannot be operated until that portion of the monolith has been reconstructed. 
 
 
Issue 4 - Middle Wall Monolith Splits 
 

Longitudinal vertical cracks have been found in the top of the wall and in the ceiling 
and floor of the pipe gallery, and there is evidence that they could extend into the culvert.  
This condition indicates that the monolith has essentially split into two pieces.  Three degrees 
of unsatisfactory performance have been defined: 
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1) A longitudinal crack has been confirmed in the top of the wall, in the pipe gallery 
and in the ceiling of the culvert. The lock would continue to operate until a repair plan has 
been developed, at which time the lock would be closed long enough to pin the concrete 
section together. 

 
2) The cracks have widened considerably and the monolith has experienced noticeable 

displacement.  The lock is closed long enough to stabilize and repair the section and mill the 
chamber face to align with the rest of the wall. 

 
3) The monolith has experienced significant displacement and cannot be repaired.  The 

entire monolith must be replaced. The lock cannot be operated until the monolith has been 
reconstructed. 
 
 
Issue 5 – Main Chamber Miter Gate Anchorage Problems 
 
 Numerous cracks have been identified in monolith concrete in areas surrounding miter 
gate anchorages.  Cyclic loading in the range of 400 kips leads to the possibility of severe 
crack propagation and instability of the miter gate anchorage.  Two degrees of unsatisfactory 
performance have been defined: 
 
 1) Crack propagation has allowed the anchorage to shift slightly causing misalignment 
of the miter gates.  Operation of the gates is suspended for a short period until repairs to the 
monolith can be made to secure the anchorage. 
 
 2) Extensive crack propagation has occurred resulting in significant movement which 
renders the miter gate inoperable.  The lock is closed for an extended period of time to permit 
reconstruction of the section of the monolith supporting the anchorage. 
 
 
Issue 6A – Main Chamber Face Deterioration  
 
 The vertical faces of the lock walls serve as rubbing and mooring surfaces during the 
lockage process.  The concrete condition of the vertical faces deteriorates over time due to 
abrasion from barges and/or freeze/thaw cycles.  Exposure of various embedded metals 
creates a hazard to watercraft.  Three degrees of unsatisfactory performance have been 
defined. 
 

1) Isolated areas of the lock wall faces are deteriorated badly enough to endanger 
watercraft.  Short lock closures are required for localized repairs.  Overall condition of the 
wall remains the same. 
 

2) General deterioration of the lock wall faces require shotcrete coating to maintain 
their serviceability.  Lock closure required for surface preparation, shotcreting and curing.  
This is an intermediate repair with “limited” surface life. 
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3) Extensive gouging and abrasion makes the walls unsafe and refacing entire 
monoliths with concrete is required.  Extended lock closure is required for demolition and 
reconstruction of wall faces.  This is considered a “long-term” solution. 
 
 
Issue 6B – Approach Walls Face Deterioration  
 
 The vertical faces of the lock walls serve as rubbing and mooring surfaces prior to the 
lockage process.  The concrete condition of the vertical faces deteriorates over time due to 
abrasion from barges and/or freeze/thaw cycles.  Exposure of various embedded metals and 
the jagged cavities formed in the concrete faces create a hazard to watercraft.  Three degrees 
of unsatisfactory performance have been defined. 
 

1) Isolated areas of the lock wall faces are deteriorated badly enough to endanger 
watercraft.  Short lock closures are required for localized repairs.  Overall condition of the 
wall remains the same. 
 

2) General deterioration of the lock wall faces require shotcrete coating to maintain 
their serviceability.  Lock closure required for surface preparation, shotcreting and curing.  
This is an intermediate repair with “limited” surface life. 
 

3) Extensive gouging and abrasion makes the walls unsafe and refacing entire 
monoliths with concrete is required.  Extended lock closure is required for demolition and 
reconstruction of wall faces.  This is considered a “long-term” solution. 
 
 
Issue 7 – Main Chamber Valve Recess Failure  
 
Both longitudinal and vertical cracks have been found in the top of the wall and in the interior 
walls of the recesses and the cracks could possible propagate to the base of the monolith or 
propagate to the exterior chamber face.  This condition indicates that the monolith may 
possibly split into two pieces or the recess face may possibly become unstable.  Three degrees 
of unsatisfactory performance have been defined: 
 
 1) Longitudinal and vertical cracks form in the interior walls and extend into the 
chamber face or monolith base.  The lock would continue to operate until a repair plan has 
been developed, at which time the lock would be closed long enough to pin the concrete 
section together. 
 
 2) The cracks have widened considerably and the monolith has experienced noticeable 
displacement.  The lock is closed long enough to stabilize and repair the section and mill the 
chamber face to align with the rest of the wall. 
 
 3) The monolith has experienced significant displacement and cannot be repaired.  The 
entire monolith must be replaced. The lock cannot be operated until the monolith has been 
reconstructed. 
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Land Wall Stability, Middle Wall Stability, River Wall Stability and Guide Wall Stability 
 

The wall stability failure mechanism are considered global wall failure mechanisms, 
which means the entire wall monolith would fail by sliding, overturning or by exceeding the 
ultimate bearing capacity of the foundation material causing the entire monolith to slide or 
rotate as one unit.  Lock wall monoliths are typically designed to act as independent structures 
without relying on the adjacent wall monoliths for any resistance.  All of the lock wall 
monoliths at Emsworth, Dashields and Montgomery are anchored concrete structure relying 
on the integrity of the un-tensioned and tensioned anchors to resist the required loads applied 
to the walls.  : 

 

8.6.4 Unsatisfactory Performance for Reliability Analysis 
 

The probability of unsatisfactory performance for the items listed as Issue were 
developed using the expert elicitation process for failure for concrete monoliths composing 
the Emsworth, Dashields, and Montgomery Locks and Dams under varying failure conditions.  
Ten modes of failure, also known as Issues, are identified and numbered accordingly.  Each 
Issue is further broken down according to the degree to which the failure takes place. Three 
degrees of severity are defined: no monolith movement, noticeable monolith movement, and 
significant monolith movement.  A panel of experts developed the probability of failure for 
each Issue and the corresponding degrees of failures in the following manner.  First, the panel 
determined the probability that an Issue would occur in the years 2005, 2030, and 2060.  
Next, they were asked to determine the probability that each degree of severity would occur 
given that the Issue had already occurred. 

 
Each degree of failure is associated with a repair cost and a number of lock closure 

days.  For instance, cracking which results in no monolith movement may require a few days 
to repair and constitute a minor repair cost.  Whereas, cracking that results in significant 
monolith movement may require the lock to be closed for repairs for a period of months or 
even years, in addition to significant repair costs.  As expected, repair costs and the number of 
closure days required to make appropriate repairs increase as the degree of the failure 
becomes more severe. 

 
For each failure issue the discrete probabilities of unsatisfactory performance and 

severity of failure probability given by the panel for a given year, a mathematical curve was 
applied in order used to estimate the probabilities of unsatisfactory performance any particular 
year and severity within the entire Study period.  These curves formed one basis area for 
estimating the probability of unsatisfactory performance and reliability for the wall monoliths.   

 
The second area that formed the basis for the lock wall reliability was the stability and 

reliability analyses.  This reliability analyses used a Monte Carlo simulation technique 
whereby varying various key parameters (variables) of the wall to assess the reliability of the 
wall stability over time.  These parameters include foundation material, backfill material, 
water elevation, concrete material, anchor materials and corrosion or deterioration rates.  
These key parameters were allowed to vary according to a normal, log normal or linear 
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distribution pattern selected by random within the Monte Carlo simulation analysis.  Failure 
was determined when any limit state was exceeded by sliding, overturning, bearing capacity 
or anchor failure.   
 

The stability and reliability of the lock monoliths are based on limit states and not 
design values.  Unsatisfactory performance modes considered in the model for gravity 
monoliths are overturning, sliding, and bearing of the rock foundation.  The limit states 
established for the unsatisfactory performance modes are as follows:  1) overturning – an 
effective base width less than or equal to zero; 2) sliding – the driving horizontal forces 
exceed the resisting horizontal forces; and 3) bearing – the resultant monolith toe bearing 
pressure exceeds the ultimate bearing strength of the foundation rock or subjacent rock.  For 
anchored monoliths, an additional limit state is considered.  The stability and reliability of an 
actively anchored monolith are dependent on the structural integrity of the rock anchor that is 
subject to corrosion.  The stability and reliability of a passively anchored monolith are 
dependent on the structural integrity of the rock anchor that is subject to both corrosion and 
fatigue.  The additional limit state of unsatisfactory performance for an anchored monolith is 
strength – the resultant or mobilized tensile force exceeds the ultimate tensile strength and/or 
ultimate fatigue strength of a rock anchor. 
 

The monolith reliability models were developed using Excel and the add-on 
application @Risk.  @Risk facilitates Monte Carlo simulation for reliability analysis and 
provides advanced statistical functionality to Excel.  Each monolith reliability model is 
comprised of six (6) spreadsheets (Input Parameters, Monolith Geometry, Soil Geometry, 
WaterEL, Stability Analysis, and Stability Results for the Gravity Monolith Model, Passive 
Anchor Results for the Passive Anchor Monolith Model, or Active Anchor Results for the 
Active Anchor Monolith Model) and two (2) visual basic modules (Update and VBProgram).  
The material properties, input data, and loadings are represented by probability distribution 
functions and discrete values.  For each Monte Carlo trial, material properties and input data 
are randomly selected according to their respective probability distributions for the stability 
analysis.  The structure is analyzed for its stability in overturning, sliding, and bearing, and 
when applicable, the structural integrity of the rock anchor.  Any unsatisfactory performance 
is tabulated for each trial.  A sufficient number of trials is required to achieve convergence 
and a particular level of confidence in the simulation results.  All stability and reliability 
calculations for the three monolith models are based on the unit length of the structure (1-ft 
strip). 
 

The reliability of gravity monoliths is time independent.  As a result, only a single 
value for the probability of unsatisfactory performance of a gravity monolith is determined.  
However, for anchored monoliths, a probability of unsatisfactory performance is determined 
for each year of the structure’s life cycle.  The reliability of anchored structures is time 
dependent and is evaluated using the hazard function, h(t).  The hazard function is the 
conditional probability of unsatisfactory performance given that the system has performed 
satisfactorily up to time t. 
 
1. Loading Conditions:  Two loading conditions are considered for the lock wall 

monoliths: the normal operating condition and the maintenance condition.  A description 
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of the loading conditions for the respective lock monoliths are provided in Table 8.6-B.  
The normal operating condition represents the usual daily cyclic loadings experienced by 
the lock monoliths.  Dewatering the chamber is classified as the maintenance condition.  
The major external loadings experienced by a land wall are lateral earth pressure, 
hydrostatic pressure due to the saturation level of the backfill, uplift, hawser pull, and the 
fluctuating pool elevation in the lock chamber.  The middle and river walls are subjected 
primarily to uplift, hawser pull, and fluctuating pool elevations in the chambers or river.  
The miter gate monolith is subjected to gate thrust, buoyant weight, and moment, in 
addition to the loadings experienced by a typical middle wall monolith.  Impact is 
excluded from the analysis since the lock monoliths. 

 

TABLE 8.6-B - Lock Wall Monolith Load Cases 

Monolith Loading Conditions 
Normal Maintenance 

Land Backfill saturated\1.  Lower pool 
fluctuating in chamber and hawser pull. 

Backfill saturated.  Chamber dewatered. 

Middle 
Main/Aux. chamber at upper pool.  
Aux./Main chamber at fluctuating lower 
pool and hawser pull. 

Main/Aux. chamber at upper pool.  
Aux./Main chamber dewatered. 

Miter Gate 
Main/Aux. chamber at upper pool and 
gate mitered.  Aux./Main chamber at 
lower pool. 

Main/Aux. chamber at upper pool and 
gate mitered.  Aux./Main chamber 
dewatered. 

River Main/Aux. chamber at upper pool.  
River at fluctuating lower pool. 

Main/Aux. chamber dewatered.  River at 
fluctuating lower pool. 

\1 Based on historical piezometer data or straight-line approximation of upper and lower pool 
(position with respect to D/S and US miter gates ). 

 
2. Loading Assumptions:  The gravity loadings considered in the analysis are due to the 

weights of the water and soil above the monolith, water within the culvert and ports, and 
the concrete monolith.  The unit weights for the materials may be assigned with variable 
or discrete values.  For the case when the moist soil unit weight exceeds the saturated soil 
unit weight, the moist soil unit weight is made equal to the saturated soil unit weight in 
the stability analysis.  Lateral earth pressure of the backfill is computed using the full at-
rest pressure coefficient (Ko).  The at-rest pressure coefficient is calculated using Jaky’s 
Equation or the Danish Equation, since the lock monoliths are founded on rock (1, 2)2.  
The saturation level in the backfill is assumed to be a constant and equal to the normal 
upper pool elevation or the average of the upper and lower pool elevations, depending on 
the respective location of the monolith within the lock wall (3).  Uplift is assumed to be 
acting on the entire base of the monolith.  The uplift pressure values are based on the 
varying lower pool elevation, constant upper pool elevation, and/or the saturation level in 
the backfill.  The distribution of the uplift pressure was calculated using a derived closed-

                                                 
2 Italic, underlined numbers in parentheses refer to items in the list of references at the end of 
this section. 
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form solution for uplift that is a function of the overturning and resisting moments, uplift 
pressures at the toe and heel of the structure, and the resultant vertical load.  It is assumed 
that a uniform uplift pressure equivalent to the maximum hydrostatic pressure at the heel 
of the base acts on the portion of the base not in compression (2).  A hawser pull is 
applied to a structure under the normal operating condition for 20 percent of the Monte 
Carlo trials (3).  The magnitude of the hawser force, normal to the face of a monolith, is 
established from the USACE guidance and the point of application is assumed to be 5 ft 
above the pool elevation (4).  Vertical shear (downdrag), acting along the wall-soil 
interface due to differential settlement of the backfill, is available in the model and 
provides a small degree of stabilization to monoliths with backfill (2, 5).  Miter gate 
loadings (submerged weight, thrust, and moment) are based on differential pool 
elevation, type of gate (vertical and horizontal), and the size of the chamber (3, 7, 8). 

 
3. Material Properties:  Soil and rock parameters for the projects are based on information 

obtained from the as-built drawings, design memoranda, foundation reports, periodic 
inspection reports, and reference material.  Cross-sections, boring logs, N-values, and 
laboratory test results are used to determine the range in strength values.  For some 
projects, very limited test results are available.  As a result, typical strength values are 
obtained from reference material and original design values.  The probabilistic values that 
are used in the reliability analyses include the type of probability distribution function, 
mean, standard deviation, range, coefficient of variation, and correlation coefficient.  Unit 
weights, shear strength parameters, and ultimate bearing capacity values are provided for 
the soil and rock foundations.  Cross-bed shear strengths are also provided for the 
monoliths embedded in rock.  The unit weights of concrete and water are assumed to be 
constant values of 147.5 and 62.5 lb/ft3, respectively.  For the passive rock anchors, the 
rock mass modulus of the foundation is required and is estimated from AASHTO Table 
4.4.8.2.2B (9). 

 
4. Input Parameter Sheet: 
 

a. Soil and Rock Data:  This sheet contains all of the soil and rock data and probability 
density functions required for the stability analyses.  The material properties may be 
input as discrete values or probability density functions.  The Geotechnical and 
Geology Sections of each District provided the soil and rock data.  Rock mass 
modulus is required for the passive rock anchors and is estimated from AASHTO 
Table 4.4.8.2.2B for the Passive Anchor Monolith Model (9). 

 
b.  Vertical Shear Force:  The vertical shear force coefficient (Kv,soil) for downdrag may 

be used in the model.  The magnitude of the shear force is dependent on the geometry 
of each particular structure and an estimate of the density of the backfill (5, 6).   The 
vertical shear force is a result of differential settlement within the backfill. 

 
c. Hawser Pull:  Hawser pull is a result from tow lines attached to check posts or 

floating mooring bitts to stop the momentum of tows.  The statistical parameters for 
the loading are based USACE guidance (5).  Hawser pull is generally taken as 100 to 
130 kips; the average loading equal to 115 kips is used in the analysis.  A coefficient 
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of variation [V(x)] of 15 to 20 pct is recommended (5).  According to EM 1110-2-
2602, an angle of application of 30 deg is recommended and the location of the 
loading is 5 ft above chamber pool elevation or 1 ft above the lock wall (3).  The 
hawser pull is distributed about the length of the monolith and was only applied to 20 
pct of the trials. 

 
d. Miter Gate: Miter gate loadings (submerged weight, thrust, and moment) are based 

on the differential pool elevation, type of gate (vertical and horizontal), and size of 
chamber.  The information required for the miter gates are the weight of a leaf, 
height, pintle elevation and centerline (with respect to monolith toe), upper and lower 
pool elevation, and thrust angle.  Both upper and lower pool elevations may be 
discrete or probabilistic values and are typically equated to the driving and resisting 
water elevations provided on the WaterEL sheet.  Corps publications were used to 
derive the magnitude of the loads, respective moments, and moment arms (3, 7, 8). 

 
e. Anchor Data:  The data required for the analysis of the anchored monoliths are bar or 

strand size(s), number of bars or strands, lock-off load, location (with respect to 
monolith toe), anchor inclination, spacing, and yield and ultimate strengths.  The 
equations derived for the analysis of active and passive anchors are provided in the 
Active Anchor Results and the Passive Anchor Results sheets, respectively. 

 
5. Passive Anchor Results Sheet:  The stability analysis for the passive anchored 

monoliths is very similar to the analysis for the gravity monoliths.  The difference is that 
corrosion and fatigue of the rock anchor are considered.  As a result, the stability and 
reliability of the monolith is time dependent since corrosion and fatigue are functions of 
time.  The assumptions made in the model for passive rock anchors and for anchored 
monoliths are: 1) if corrosion is a consideration, corrosion occurs uniformly about the 
perimeter of the bar(s) or strand(s), 2) passive anchors are subject to fatigue since they 
are required to mobilize resistance to loading (overturning and sliding), and 3) the rock 
anchors are not redundant so that the unsatisfactory performance of one anchor will 
overload the companion rock anchors within the entire monolith. 

 
a. Passive Anchor Behavior:  A closed form solution was developed for the structural 

response of a monolith anchored with passive rock anchors and subjected to 
overturning and uplift.  The derivation is based on strain compatibility between the 
anchor and foundation.  As a result, an estimate of the foundation rock mass modulus 
is required.  The derivation parallels the analysis of a reinforced concrete beam.  The 
peak strain in the rock foundation and anchor is obtained from equilibrium and 
compatibility conditions.  The resulting expression for strain in the anchor and rock 
are related to stress using their respective modulus of elasticity values.  Summing the 
vertical forces, an equation that relates the resultant rock force, structural wedge 
weight, anchor force, and uplift is established.  Substituting the relation of the peak 
rock stress to anchor stress, the equation for the sum of vertical forces has three 
unknowns, effective base in compression, anchor stress, and uplift.  Substituting the 
equations for the sum of the moments about the monolith toe and for the strain 
compatibility into the equation for the sum of the vertical forces, a cubic equation was 
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derived with one unknown: the effective base in compression.  A visual basic function, 
CubicPosMinRoot, was written to solve for the positive real root. 

 
A column base plate design procedure is presented in the Design of Welded Structures 
(11) and is based on the strain compatibility approach.  A column base plate problem 
provided in the Structural Engineering Handbook (12) was used to compare the results 
of the passive anchor solution (zero uplift) with the solution procedure provided in 
reference 11.  The results for the effective base in compression, peak bearing stress, 
and anchor stress were identical.  This verified that the derivation for the passive 
anchor behavior was accurate and provided reasonable results. 
 
Preliminary runs revealed that a passive rock anchor does not mobilize the loadings 
assumed by conventional analysis for overturning.  The passive anchors are 
traditionally sized according to the vertical force required to maintain a certain amount 
of base in compression for overturning stability.  Using the strain compatibility 
approach, the mobilized anchor load from an overturning analysis may be significantly 
less than the load derived for the traditional approach.  As a result, the passive anchors 
may also act as shear-friction steel for the case when the driving forces exceed the 
resisting forces (including the additional sliding friction force due to the mobilized 
anchor force for overturning).  The passive anchors were not designed for shear and 
therefore are potentially subjected to a mode of loading for which they were not 
designed.  In analyzing the rock anchors for resisting sliding shear, the anchors are 
treated as shear friction steel and the additional anchor load is calculated.  The 
mobilized anchor load is based on the magnitude of the shear force that must be 
resisted, the friction angles of the foundation and rock (cohesion of foundation and 
rock is assumed equal to zero since sliding is occurring), and a rock “dilation angle” 
that accounts for the roughness of the joint (13).  A “dilation angle” of 0 to 5 deg is 
used in the analysis of the passive anchored monoliths for sliding stability. 

 
b. Corrosion Rates:  Corrosion rates for rock anchors are unavailable in literature.  

However, a study on the corrosion of prestressed anchors provided 35 documented 
failures, 24 of which are permanent anchors and 11 of which are temporary (14).  It 
was noted in the report that anchor failures are not well documented and are seldom 
investigated for the cause.  No corrosion rates are provided in the report.  From a 
USBM study on laboratory corrosion tests on split set and Swellex bolts (friction rock 
stabilizers) in lead and iron waters, a mean corrosion rate (µ) equal to 2.2 mil/yr with a 
standard deviation (σ) equal to 0.3 mil/yr was reported (15).  The water was aerated 
(6.3 – 7.3 ppm O2) and was slightly alkaline (pH = 8.0).  The average corrosion for a 
50-year period would be 0.11 in (50 yr. · 2.2 mil/yr. · 0.001 in/mil).  This value will be 
used for purposes of comparison to reported rates for other structures.  AASHTO 
provides the following sacrificial thickness requirement of base metal that is exposed 
to ground (9).  The expected loss by uniform corrosion for a permanent (75 yrs) and 
critical (100 yrs) is 0.03 and 0.05 in, respectively.  The corrosion rate for structural 
steel plate culverts provided in the PennDot Design Manual (16) is based on age of 
structure and pH of the groundwater.  The equation is: 
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For a time period equal to 50 yrs and a typical pH value for groundwater equal to 6.5, 
the metal loss is 0.04 in.  The Corps currently uses the following equation for 
corrosion of submerged miter gates: 
 
For the rate parameter (A) equal to 80 (typical value for submerged metal) and a time 
period of 50 yrs, the corrosion (Ct) is 0.043 in. 

m0.0254
in

μm10
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2/3
t ⋅⋅⋅⋅=  

The corrosion rates that are reported for various structures and for the sacrificial steel 
requirements suggest that a value of 0.040 in for 50 yrs be used.  The model uses the 
corrosion rate equation for submerged miter gates with the rate parameter (A) 
normally distributed, with truncated upper and lower values.  The statistical 
parameters for A are (µ, σ, min, max) equal to (80, 24, 32, 152).  These values are 
provided in the corrosion table of the Active and Passive Anchor Results sheets. 
 
The resultant cross-sectional area of a rock anchor in any year after installation is: 

where r is the initial radius of the bar or strand.  The corrosion (Ct) and resultant 
anchor diameter (At) is provided adjacent to the fatigue summary table.  The resultant 
anchor area (At) is used in the evaluation of fatigue and anchor integrity. 

 
c. Fatigue:  The passive rock anchors are subjected to cyclic loading and therefore are 

subject to fatigue loading.  Fatigue is a cumulative affect in which with each cycle of 
loading the structure is further damaged to a certain degree.  The damage increases 
with each cyclic load until failure occurs.  The equation that relates the stress range to 
the number of cycles to fatigue failure is: 

where A is a coefficient that is determined experimentally for a structural detail, N is 
the number of cycles to fatigue failure, and m is a constant with a usual value equal to 
3.  AASHTO presents values for the stress ranges and corresponding fatigue cycles.  
However, these values (Ni) have a safety factor equal to 3 applied.  As a result, in the 
evaluation of the passive anchors for fatigue, the experimental parameter A will be 
factored by a value equal to 3.  Miner’s Rule is used to predict the fatigue behavior of 
a structure under random loadings.  For fatigue failure, the cumulative damage is: 
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where ni is the number of stress cycles at stress level ∆Fi and Ni is the number of stress cycles 
to produce failure at ∆Fi 
 
Since the passive rock anchors are subjected to both axial and shear loadings, the 
passive anchors are classified as weld category C, acting as a shear stud and subjected 
to tensile stress, as shown in Figure 10.3.1C, AASHTO (9, pp. 225-230).  Category F 
was considered but not used.  The reason is that when the monolith attempts to slide, 
the rock anchors will resist the transverse shear loadings as shear-friction steel and not 
in direct shear.  For weld category C, A is 4.4 x109.  Typically, since A is a large 
number, its logarithmic value is provided [log(A)].  The fatigue equation may be 
solved for the number of cycles (Ni) required for a given stress range ∆Fi to cause 
failure: 

3

)3log(10

i

A

i F
N

∆
=  

where log(3A) is assumed to be a truncated lognormal distribution with the statistical 
parameters (m, s, max, min) equal to (10.12, 0.2, 10.52, 9.52).  The experimental 
parameter A is factored by 3 to account for the fatigue safety factor.  Once the stress 
level for each load (i) is established, the number of cycles (Ni) to failure is calculated 
for each stress level, ∆Fi.  The actual number of cycles (ni) for each stress level must 
also be established.  The number of actual load cycles (ni) and number of cycles (Ni) 
required for failure for the various stress ranges are calculated and summed using the 
Miner’s Rule.  If the sum is greater than 1, the structural component will fail in 
fatigue. 

 
In order to conduct a fatigue analysis on the life cycle of the passive rock anchors, the 
relative frequency distribution of the lower pool elevations was divided into four equal 
intervals (WaterEL sheet).  The resisting water elevation (ResistWaterEL) is always 
equal to the lower pool elevation for the normal operating condition.   The midpoint of 
each lower pool interval was designated as FatiquePoolEL 1 - 4.  The number of 
cycles (ni) for each fatigue pool elevation was the product of the frequency of 
occurrence and the number of hydraulic cycles for the chamber.  This is shown in the 
fatigue analysis table.  Separate stability analyses were conducted for the four fatigue 
pool elevations and the resultant mobilized rock anchor load was established (TT1, TT2, 
TT3, TT4) for each fatigue pool elevation.  The stress level (∆F1, ∆F2, ∆F3, ∆F4) was 
then calculated using the anchor cross-sectional area (At) for a given year and the rock 
anchor load (TTi).  As a result, for each year, At, ∆Fi, ni, and Ni are known and 
Miner’s Rule may be used to accumulate the damage within a year and also from year 
to year.  If the cumulative fatigue was equal to or greater than 1.0, the rock anchor is 
said to have performed unsatisfactorily in that year.  The analyses were repeated 
20,000 times to obtain the probability of unsatisfactory performance for the passive 
anchors and anchored monoliths.  The probability of unsatisfactory performance is 
dependent on time and a hazard function, h(t), can be calculated for the anchored 
monolith. 
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d. Strength:  The rock anchor was also evaluated for its structural integrity.  A uniform 
distribution is established for the extreme value of lower pool and is designated 
StrengthPoolEL.  The rationale is that the lock walls are subjected to extreme lower 
pool elevations at least once a year and that the rock anchors are required to mobilize 
resistance against this loading.  A stability analysis is conducted with the 
StrengthPoolEL.  The rock anchor stress is computed for each year using the 
respective anchor cross-sectional area (At).  If the calculated anchor stress exceeds the 
ultimate stress (fu), the anchor performed unsatisfactorily in that year.  For each cycle 
or trial, the unsatisfactory performances are summed for each specific year. 

 
e. Overturning Stability:  The stability analyses are conducted according to the 

guidance provided in Chapter 4 of EM 1110-2-2502 and proceed as follows (1).   For 
the overturning stability analysis, the vertical (ΣFV) and horizontal forces (ΣFH) and 
the resultant moments are summed.  The resultant moments are categorized as 
resisting (ΣMR) and overturning (ΣΜΟ) moments.  It should be noted that the 
summation of the vertical (ΣFV) and overturning moments (ΣΜΟ) are independent of 
uplift.  The effective base in compression and the uplift are solved for simultaneously 
using a closed-form solution.  The closed-form solution for the effective base in 
compression (Beq) is a function of the overturning and resisting moments, uplift 
pressures at the toe and heel of the structure, and the resultant vertical load and is 
defined by the equation: 

 
( )( )

dthMonobaseWipΣF
/2dthMonoBaseWipΣMΣM3

B
1V

2
1OR

eq ⋅−
⋅−−⋅

=  

 
If Beq is greater than or equal to the monolith base width (B), then Beq equals B.   A 
negative effective base in compression indicates that the structure performs 
unsatisfactorily in overturning.  Once the effective base and uplift are established, the 
sliding stability analysis is conducted.  The passive resistance of the rock and 
structural wedge is computed in the Stability Analysis sheet and the resisting forces 
are summed with the resultant net negative driving forces (ΣFH).  If the sum of the 
resisting and driving forces is negative, the structure performs unsatisfactorily in 
sliding.  The maximum bearing pressure is then calculated and compared to the 
ultimate bearing capacity for the rock foundation using the equations provided on the 
Stability Results sheet.  The equation used for calculating the bearing pressure is 
determined by the position of the effective normal force with respect to the kern.  If 
the bearing pressure exceeds the ultimate bearing strength of the rock foundation, the 
structure performs unsatisfactorily in bearing. 

 
Each mode of unsatisfactory performance is tabulated for each trial.  However, any 
trial that results in a calculated unsatisfactory performance in any one or combination 
of the three performance modes will be counted for reliability purposes as one 
unsatisfactory performance for the structure. 

 



UPPER OHIO NAVIGATION STUDY                   Engineering Appendix  
 

 
 

 
 

GENERAL ENGINEERING REFERENCE DATA APPENDIX                    Page  8-53 

f. Sliding Stability:  The interaction of the rock anchor and sliding was handled in three 
stages.  In the first stage the rock anchor force (Tt) due to overturning was calculated 
and this force was added to the structural wedge weight.  If the resisting structural 
wedge and passive rock forces exceeded the net driving forces, sliding did not occur 
and further analysis was not required.  The total anchor force was equal to the anchor 
overturning force.  If the net driving forces exceeded the resisting forces, then the 
additional force mobilized in the rock anchor was calculated in the second stage.  The 
assumption was made that the cohesion between the monolith and rock foundation is 
broken due to a very small amount of movement but that the cross-bed cohesion of the 
rock wedge remains intact.  In addition, if resisting soil is present (Montgomery Locks 
and Dam), the soil remains at the at-rest condition.  The anchor force required to 
prevent sliding is then computed (TS1).  The third stage of the analysis is that the 
monolith moves enough to fail the cross-bed cohesion of the resisting rock wedge.  
The movement is enough that the dilation of the rock joint occurs and the assumed 
dilation angle [i] (13) is added to the sliding friction angle of the rock (eff = rs + i).  
If resisting soil is present, the average value of the at-rest and passive pressure 
coefficients is used to compute the resisting soil force due to the monolith sliding.  
The anchor force required to prevent sliding is calculated (TS2).  The smallest value of 
TS1 and TS2 is selected and is added to the overturning anchor force (Tt) to calculate 
the total anchor force (TT). 

 
g. Bearing Analysis:  The bearing analysis is identical to the analysis for the Gravity 

Monolith Model except for the fact that the effective base width (Beq) is recalculated 
for the total anchor force (TT).  The uplift is assumed not to change for the sliding and 
bearing analyses. 

 
6. Active Anchor Results Sheet:  The stability and reliability analysis for the active 

anchored monoliths is very similar to the analysis for gravity monoliths.  The main 
difference is that corrosion of the rock anchor may be considered.  However, since the 
rock anchor is stressed, the vertical and horizontal components of force are directly used 
in the stability analysis.  The only adjustment made to the rock anchor is that the lock-off 
load is reduced by 10 pct to account for creep, relaxation, and seating loss.  Corrosion of 
the anchor may be calculated each year as presented in the corrosion section for passive 
anchored monoliths.  The structural integrity of the active rock anchor is evaluated by 
comparing the resultant yearly stress level (0.9⋅LockOffLoad /At) to its ultimate tensile 
strength (fu).  If the stress level in any year exceeds the ultimate tensile strength, the 
active rock anchor has an unsatisfactory performance for that year.  Similar to the passive 
rock anchor analysis, each trial represents the life cycle of an active rock anchor. A 
sufficient number of trials is required to achieve convergence and a particular level of 
confidence in the simulation results.  In general, the stability of the active anchored 
monoliths in overturning, sliding, and bearing is not an issue.  A majority of the rock 
anchor force is typically applied vertically at the heel of the monoliths and this has a 
significant stabilizing affect on the structures. 

 
Both active and passive rock anchors are used to enhance the stability of some of the lock 
walls at the Dashields Locks and Dam.  The stranded rock anchors are sheathed and are 
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therefore provided with double-corrosion protection.  As a result, the stranded anchors 
are analyzed without corrosion and their cross-sectional areas are a constant with respect 
to time.  Since fatigue is not an issue for active rock anchors, the behavior of the active 
anchored monoliths is time independent and only a single probability of unsatisfactory 
performance is applicable. 
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8.6.5 Hazard Rate Calculation 
 

The hazard function (hazard rate), h(t), is the rate of change of the conditional 
probability of unsatisfactory performance in a particular time period, given that the structure 
has performed satisfactorily up to that time period.  The hazard function provides insight into 
the aging process of a structure, brought about for the anchored structures by the cumulative 
effects of corrosion and fatigue from the stability reliability analyses and the Expert 
Elicitation process.    

 
The hazard functions for the lock walls were developed in compliance with the 

USACE Risk and Reliability Directory of Expertise.  The Pittsburgh District Project Delivery 
Team met with members of the Risk and Reliability Directory of Expertise (D. Schaaf, D. 
Margo, A. Harkness, R. Allwes) to discuss methods to revise the development of the hazard 
function.  Simplified hazard functions have been developed in a manner consistent with the 
work that the Directory of Expertise is involved in and is described in further detail. 

 
A procedure was developed to combine the probabilities of unsatisfactory 

performance functions for various failure mechanisms that may occur at various independent 
locations within the concrete lock wall into one unsatisfactory performance function that 
represented the reliability for the entire concrete lock wall in order to model a particular lock 
wall within the Economics simulation as a single component (i.e. Land Wall, Middle Wall or 
River Wall).  This procedure was developed and is explained below using the Emsworth land 
lock wall as an example.  The remaining concrete lock wall components for Emsworth and 
the lock walls as Dashields and Montgomery facilities were developed using the same 
approach.  This procedure is believed to be a logical and defendable approach, which deviates 
from the previous procedure used to combine multiple hazard functions in the Ohio River 
Main Stem System Study using groups of three monoliths, lumped into a new hazard function 
to represent the wall system.  The procedure developed is as follows: 

 
1. Individual failure mode probabilities of unsatisfactory performance generated 

during the Ohio River Main Stem System Study by the Expert Elicitation and 
Stability Analyses were used, however, the manner in which they are 
combined and linked to specific consequences are different and is more 
transparent. 

 
2. Based on a standard monolith (Emsworth Land Wall) there are four failure 

modes for which independent failure mode probabilities of unsatisfactory 
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performance and hazard functions have been generated: stability of the 
anchored wall, failure of the concrete wall stem, failure of the concrete culvert 
face, and failure of the wall face due to face deterioration.  In addition a fifth 
failure mode, miter gate anchorage, applies to the two miter gate monoliths 
locations in the land wall.  After much discussion, it was agreed that the only 
viable repair option for three of the failure modes (culvert face failure, face 
deterioration and stability) is a replacement of the wall once it had failed by 
any of these modes.  The other failure modes (miter gate anchorage and wall 
stem) require smaller scale repairs, either along the entire wall localized at the 
stem area or at a specific monolith for the miter gate anchorage.  Since these 
five failure modes are independent and non-mutually exclusive, the five 
probabilities of unsatisfactory performance were combined into one probability 
of unsatisfactory performance function using DeMorgan’s procedure. 

  
Pf(t)lw = 1-[(1-Pf(t)stem)*(1-Pf(t)culvert)*(1-Pf(t)anchorage)*(1-Pf(t)face)*(1-Pf(t) stability)] 
 
where: 
 
Pf(t)lw = combined probability of unsatisfactory performance function for the 
land lock wall 
Pf(t)stem = probability of unsatisfactory performance function for the stem 
failure  
Pf(t)culvert = probability of unsatisfactory performance function for the culvert 
face failure 
Pf(t)anchorage = probability of unsatisfactory performance function for the miter 
gate anchorage failure 
Pf(t)face = probability of unsatisfactory performance function for the lock wall 
face deterioration 
Pf(t)stability = probability of unsatisfactory performance function for the stability 
analysis for the land wall 

 
This probability of unsatisfactory performance [Pf(t)lw], represents the 

time dependent probability of failure for all five failure modes of an individual 
monolith.  The event tree for each branch represents the cost and consequences 
for the repair to all of the monoliths within the wall or the miter gate 
monoliths.  Change from the previous ORMSS procedure: previously the 
hazard functions were combined by averaging into one hazard function and 
this function was to represent one group of three monoliths.  Since there are 21 
monoliths, seven groups of three, this function was raised to the seventh 
power.  The consequences (event trees) were also combined via a 
mathematical averaging method and were based on the group of three 
monoliths. The previous method used in the ORMSS study was not tied 
directly to a consequence, was very hard to explain and may be tough to 
defend.  Therefore the new method needs to be simpler and easier to 
understand the combination process.  
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3. There will be three branches to the event tree, and each branch represents the 
highest severity degrees of unsatisfactory performance repair methodology.  
The first branch will represent the stem failure mode, the second branch will 
represent the miter gate anchorage failure mode, and the third branch will 
represent the remaining three failure modes.  The reasoning here is that the 
stem failure mode could be repaired in a local area for the entire wall without 
replacing the entire monolith sections, and the anchorage only affects two 
monoliths on the land wall.  Any of the remaining three failure modes will 
have catastrophic consequences, i.e. replace the entire wall section.  The 
probability of occurrence for any branch will be based on a mathematical 
determination of how each individual probability of unsatisfactory 
performance function affects the total hazard function.  See Figure 8.6-H for a 
numerical example for one particular year.  Change from previous ORMSS 
procedure: the previous branch probabilities were subjective/elicited, which are 
now calculated based upon the hazard function. 

 
4. Each branch of the event tree will have consequences in terms of costs to 

repair and closure times.  There also needs to be a reset factor so that the 
increased reliability due to a repair improvement is reflected in the analysis for 
the rest of study period.  One way to do this is to assume that if the anchorage 
or stem failure occurs, those probabilities of occurrence would become zero 
because the failure would be completely corrected and the remaining branch 
probabilities get adjusted mathematically.  This could be easily represented 
with a mathematical function but would need to be coded into the Economic 
modeling software.  It is possible that a series of hazard functions and event 
trees could be created and the model would just have to go to the appropriate 
set of curves.  A second, less desirable way would be to step back on the total 
hazard function curve a number of years.  As a result the Economics computer 
software model code was modified to allow changing from one hazard function 
to a second hazard function once a repair was performed using the series of 
hazard functions and event trees.    
 
The approach used within the study uses a family (series) of hazard functions 
that represent each individual failure mode.  The individual failure modes were 
combined using the mathematical procedure described. The branch 
probabilitities were calculated based on the percentage that the individual 
hazard function contributed to the overall combined hazard function.  The 
tables and plots shown in Attachment 1 present the combined hazard function 
and branch probabilitities, not the individual functions.  Essentially when a 
repair is implemented, the individual hazard function and branch probabilitites 
are recombined by eliminating the individual hazard function from the 
combined computation because it assumed fully reliable.   
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FIGURE 8.6-H – Lock Wall Probability of Unsatisfactory Performance 

Illustration 
 

8.6.6 Event Tree Development 
 

Each branch of the event tree has consequences in terms of costs to repair and closure 
times for both emergency repair conditions and scheduled repair conditions.  In addition the 
event tree identify whether the main chamber, auxiliary chamber or both chamber are 
unavailable to the navigation industry during the duration of the repairs.  In particular since 
the middle lock wall is a common wall that both lock chambers use, when the event tree is 
implemented both chamber are unavailable to the navigation industry.  The reset factor is also 
shown in the event tree so that the increased reliability due to a repair improvement is 
reflected in the analysis for the rest of study period.  If the last branch is invoked, the repair 
essentially fixes the lock wall components with a replacement in kind of the existing wall with 
an identical wall section constructed in accordance with the latest construction procedures and 



UPPER OHIO NAVIGATION STUDY                   Engineering Appendix  
 

 
 

 
 

GENERAL ENGINEERING REFERENCE DATA APPENDIX                    Page  8-59 

practices, but not constructed to the latest USACE design standards because the lock walls 
could not get any bigger unless new modernized locks are built at a different location at each 
facility.   

 
Several assumptions and information affecting development of the repair strategy and 

consequence computation/consideration that was considered in the event tree development 
includes: 
 
1.  When the main chamber is closed to navigation for any of the event tree repair scenarios 
described, all navigation traffic must go through the auxiliary chamber.  The opposite is 
assumed to any scenarios for the auxiliary chamber.  When a failure occurs to the middle 
wall, both the main and auxiliary chamber are closed all navigation traffic; essentially a total 
river closure occurs.   
 
2.  The total consequences is the summation of the repair costs, and the delay costs imposed 
on the navigation industry.  It is assumed the delay costs imposed on the navigation industry 
will account for the vast majority of the total consequence cost. 
 
3.  The consequences from the closure of the main chamber, whether the closure is planned or 
unplanned, will yield high cost for repair costs.  The total consequences will be very large 
when delays to navigation are included since all traffic must pass through the smaller 
auxiliary chamber.  
 
4.  The repaired or replaced wall section are constructed in accordance with the latest 
construction procedures, practices and industry standards, but not constructed to the latest 
USACE design standards because the lock walls could not get larger or wider unless new 
modernized locks are built a different location than directly within the footprint of the exiting 
walls.   The walls are essentially replacements-in-kind.  In addition upgrades (floating 
mooring bitts, different type of filling/emptying system, different type of miter gates etc) to 
the locks are not included. 
 
5.  Scheduled conditions assumes that planned engineering and construction contracts are 
started in order to acquire long lead time and critical features prior to the scheduled shutdown 
of the chamber.  This will minimize the closure duration.   

 
Figures 8.6-I through Figure 8.6-K show the lock wall event trees for Emsworth, 

Dashields and Montgomery facilities. 
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FIGURE 8.6-I – Emsworth Lock Walls Event Tree 
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FIGURE 8.6-J – Dashields Lock Walls Event Tree 
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FIGURE 8.6-K  – Montgomery Lock Walls Event Tree 
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FIGURE 8.6-K – Montgomery Lock Walls Event Tree (Continued) 

 
 
8.7 GUIDE AND GUARD WALL RELIABILITY 
 

Each project on the Ohio River has both guard and guide walls. Guard walls are on the 
riverside of the riverward lock chamber, which is the auxiliary chamber for Emsworth, 
Dashields and Montgomery Locks. Guide walls are on the landside of the landward chamber. 
The purpose of both the guard and guide wall is to assist navigation traffic in entering and 
exiting the lock chamber. The guard wall also protects navigation traffic from the dam. There 
are two guard walls, an upstream and downstream, for each project. Their locations are just 
upstream and downstream of the auxiliary lock chamber. 
 

The concrete guide and guard walls are composed of gravity concrete monoliths at 
Emsworth, Dashields and Montgomery.   Some of these walls are solid walls, other are ported 
(voids near the bottom of the walls).  Some of these walls are constructed directly on a rock 
surface, and others are constructed on timber bearing piles.   

 
The Dashields’ facility has guide walls that are supported on two narrow rectangular 

supports that form the walls of the ports. Emsworth has a full rectangular base with the ports 
formed in the side of the wall; however the base is very narrow.  Montgomery is the only 
project on the Ohio River where the upper guard wall is unique. The guard wall at 
Montgomery is a rectangular concrete wall supported on wooden piles. The piles are founded 
on rock. 

 
The reliability analysis for the guard and guide walls followed the same methodology 

as the lock walls is described in detail in the previous section.  The analysis uses both 
mathematical stability analyses and expert elicitation to form the basis for the reliability 
assessment.   
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The guide walls at Emsworth are included within this Study with the event trees 
shown in the previous section of this report.  The guide and guard walls at Dashields and 
Montgomery reliability assessments are not included within this Study for various reasons.  
The guide walls at Dashields are currently moving into the approach channel of the main lock 
chamber.  The District is currently developing a wall stabilization design package to address 
and fix the issues at Dashields separately.  The guide walls at Montgomery were determined 
to not be critical features based on analyses performed in the ORMSS study.   
 
 
8.8 LOCK MECHANICAL SYSTEMS RELIABILITY 
 

The mechanical systems for the Emsworth, Dashields and Montgomery locks are 
essentially made up of three major components: miter gate machinery, culvert valve 
machinery, and the supporting hydraulic system.  Because each of these components has 
different failure conditions and subsequent repairs with differing consequences, each 
component was independently tracked in the overall mechanical model.  Therefore, hazard 
rates and separate event trees were developed for each of the three components for both 
chambers of each lock.   
 

8.8.1 Assessment of Reliability for Mechanical Systems 
 

The mechanical reliability assessment was based on procedures defined by EC 1110-
2-6062 - Chapter 7, Engineering and Design, RELIABILITY ANALYSIS OF 
NAVIGATIONAL LOCK AND DAM MECHANICAL AND ELECTRICAL EQUIPMENT, 
30 Nov 1997. The following paragraphs document the assumptions and explain the process 
used for the reliability assessment. 
 

8.8.2 Component Condition Investigations  
 

The main chamber at each lock is 110 feet wide by 600 feet long and the auxiliary 
chamber at each lock is 56 feet wide by 360 feet long.  All three locks have an upper and 
lower set of miter gates in each chamber.  Dashields and Montgomery have two filling and 
two emptying butterfly style culvert valves in the main chamber and one filling and one 
emptying butterfly style culvert valve in the auxiliary chamber.  The filling and emptying 
valve system for Emsworth was assessed by Inca Engineers Inc. (AE) and is included in 
Section 8.5.2.  Each miter gate is operated by an Ohio River Linkage style machine and each 
culvert valve, except for Emsworth, is operated by a Bell Crank with Crosshead style 
machine.  The hydraulic cylinder for each miter gate and valve machine is connected to a 
central hydraulic system that operates both chambers.  The hydraulic power unit (HPU) 
utilizes three pumps, with two used for normal operation and one used as a spare.  Pump 
operation is rotated to balance the operating hours of the three units.  All lock machinery was 
replaced during the last rehabilitation of each project.  Emsworth was rehabbed in 1984, 
Dashields was rehabbed in 1990 and Montgomery was rehabbed in 1989.  Periodic 
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inspections and design drawing reviews were conducted to assist in determining the condition 
of the mechanical systems.  
 

8.8.3 Selected Limit States for the Mechanical System 
 

The probability of unsatisfactory performance (PUP) for each lock system was 
computed from time of installment through the year 2070.   The spreadsheet for each project 
shows the results from 1998 to 2070 in one year increments to provide a trend of 
unsatisfactory performance.  The limit state was defined as the "meanlife" or Mean Time to 
Failure (MTTF) of the components analyzed.   
 

8.8.4 Lock Mechanical Systems and Subsystems Analyzed   
 

For this analysis, the miter gate machinery, valve machinery and hydraulic systems 
were considered separate models.  The miter gate machinery for all three locks is identical 
except for the date of installation and duty cycle (see Figure 8.8-A).  The valve machinery for 
Dashields and Montgomery is identical except for the date of installation and duty cycle (see 
Figure 8.8-B).   The hydraulic systems for all three locks are identical except for the date of 
installation and duty cycle (see Figures 8.8-C and 8.8-D). 
 

8.8.5 Reliability Block Diagram Formulation  
 

This analysis and the formulation for the reliability block diagram (RBD) of each 
system are in accordance with EC 1110-2-6062 - Chapter 7.  The machinery functions to 
operate the miter gates and culvert valves and the hydraulic systems function(s) to operate the 
machinery.  The major components required for mission success are defined and organized 
into an RBD.  For all miter gate subsystems, if one component does not function then the 
entire system for that chamber will not function.   On the auxiliary chamber, if one of the 
culvert valve system(s) does not operate then the entire system will not function.  There are no 
parallel or redundant items for these systems, so the mission and basic block diagrams are 
arranged as series system models.  The block diagram for the miter gate components of all 
three locks is shown in Figure 8.8-A.  The culvert valve components for Dashields and 
Montgomery is shown in Figure 8.8-B.  Some components (identified on the RBD’s) are not 
evaluated in this analysis.  These components are items that were not evaluated for various 
reasons including: insufficient information, negligible impact on reliability, very low number 
of actual failures, etc. 
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FIGURE 8.8-A - Miter Gate Machinery RBD 
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FIGURE 8.8-B - Culvert Valve Machinery RBD 
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FIGURE 8.8-C - Main Chamber Hydraulic System RBD 
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FIGURE 8.8-D - Auxiliary Chamber Hydraulic System RBD 
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8.8.6 Subsystem Reliability Calculation 
 

8.8.6.1 Duty Cycle  
 

The miter gate equipment was considered to have a negligible failure rate during 
periods of non-operation (ignoring barge impact).  Therefore, the failure rate was modified by 
a duty cycle factor. The duty cycle factor is the ratio of actual operating time to total mission 
time, t.  The lock equipment operates a certain number of open/close cycles per year.   
 
 (1)  Duty Cycle Example - Emsworth Main Chamber Miter Gate Machinery.  The 
average number of open/close cycles for the main chamber gate machinery is 5,275 and 
assuming the operating time of (360 seconds per open/close cycle), and using a total mission 
time of 76 years, then, 
 

Operating time = (360*5,275)/3600 
             = 528 operational hrs per year * 76 yrs 
             = 40,128 hours = 4.58 years 

 
For t = 76 years, 

d = 4.58/76 = 0.0602 
 

The same process is used to determine the duty cycles for each mechanical system of 
each chamber for all three locks. 
 

8.8.6.2 Environmental Conditions  
 

The environmental conditions were defined for the ambient service of the lock 
equipment as an outdoor marine environment.  The environmental K factors were selected 
from Table C-l of EC 1110-2-6062 - Chapter 7.  For this analysis, Kl is 2.0 and K2 and K3 are 
both 1.0. 
 

8.8.6.3 Lock Equipment Reliability  
 

The Weibull distribution was used to perform the reliability analysis for each 
component in the block diagram.  Instead of using the shape parameter values given in Table 
C-6 of the ETL, b = 1.5 was found to give more realistic results based on experience from 
other Districts that have used this method.  The characteristic life parameter a was determined 
by formal Expert Elicitation of experienced COE mechanical and electrical engineers.  The 
failure rates for the lock mechanical components were then calculated using the elicited 
characteristic life instead of using the published data listed in Table C-7 of the ETL.  
Experience has shown that the published data in the ETL does not accurately represent the 
failure rates for lock equipment.  After a failure rate is chosen for a component, it is 
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multiplied by the K factor to obtain a final adjusted failure rate.  The parameter alpha was 
determined as follows: 
 

          α =  γ    
                  λ  

 
Where, 
          γ = (α/MTTF ratio from Table C-2 of EC 1110-2-6062 - Chapter 7)  
          λ = Adjusted failure rate = SK 
 
The Weibull reliability function for the components becomes: 
 
           R(t)= exp [ -(td/α)β] where t is in years 

 
MITER GATE: 
 

Miter Gate Machinery.  The subsystem reliability for the miter gate machinery models 
(see Figure 8.8-A) at time t is determined from the individual reliability of each component 
analyzed as follows: 
 

RMGMachinery(t) = RA(t) * RB(t)* RC(t) * RD(t)3 * RE(t)3 * RF(t) 
 

Where, 
         RA(t) = Reliability of the cylinder 
         RB(t) = Reliability of the rack 
         RC(t) = Reliability of the sector gear 
         RD(t) = Reliability of the bearings 
         RE(t) = Reliability of the pins 
         RF(t) = Reliability of the strut/spring assembly 

 
CULVERT VALVE: 
 

Culvert Valve Machinery.  The subsystem reliability for the culvert Dashields and 
Montgomery valve machinery models (See Figure 8.8-B) is calculated as: 
 

RCVMachinery(t) = RA(t) * RB(t)5 * RC(t)5* RD(t) * RE(t) 
 
Where, 
          RA(t) = Reliability of the cylinder 
          RB(t) = Reliability of the bearings 
          RC(t) = Reliability of the pins 
          RD(t) = Reliability of the strut/spring assembly 
          RE(t) = Reliability of the butterfly valve 
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Emsworth Culvert Valve Machinery.  See Section 8.5.2 for the Emsworth culvert 
valve machinery analysis. 
 
HYDRAULIC SUBSYSTEMS: 
 
Emsworth, Dashields and Montgomery Hydraulic Systems (See Figure 8.8-C) 
 

Main Chamber: 
 
RHYDRAULIC(t) = RPUMP(t) * RCVHYDR(t) * RMGHYDR(t) 

 
             Hydraulic Pump Reliability 
 
             RPUMP(t) = 1 – {1 – RF(t) * RA(t) * RB(t)}3 
 
 Where, 

RA(t) = Reliability of coupling 
RB(t) = Reliability of check valve 
RF(t) = Reliability of flow pump 
 

   
 Culvert Valve Machinery Hydraulic System Reliability 
 
  RCVHYDR(t) = RB(t) 4 * RD(t)2 * RG(t)4 
 
 Where, 

RB(t) = Reliability of check valve 
RD(t) = Reliability of relief valve 
RG(t) = Reliability of control valve (solenoid) 

 
 
 Miter Gate Machinery Hydraulic System Reliability 
 
 RMGHYDR(t) = RB (t)4 * RD(t)2 * RG(t)4 
 
 Where, 

RB(t)  = Reliability of check valve 
RD(t) = Reliability of relief valve 
RG(t) = Reliability of control valve (solenoid) 

 

8.8.7 Hazard Calculation for the Mechanical System  
 

The Weibull hazard function was used to determine the hazard rate of each 
component. The Weibull hazard function is: 
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The subsystem hazard rates for the miter gate and culvert valve models were 

calculated from the hazard rates of the individual components using the following 
relationship: 

 

       hsubsys(t)= ∑ hi(t) 
      

Where, 
         hi(t) = Hazard rate for the individual components i = 1,n 

 

8.8.8 Mechanical System Event Trees 
 

For the economic analysis, the overall mechanical system model was broken into three 
separate systems: miter gate machinery, culvert valve machinery, and the hydraulic systems.  
The model was further broken into main and auxiliary chambers.  This was necessary for the 
development of separate event trees for each system.  Additionally, the operating/duty cycles 
are different for each system.  Therefore, each system was analyzed individually for the 
purpose of this study.  Costs and closures associated with different levels of repair are 
provided in the event tree along with the effect on future reliability based upon the type of 
repair.  Another piece of information in the event tree is the cost and closure associated with 
replacing the component ahead of failure on a scheduled basis.  This information is used to 
determine not only if it is more economical to replace the component ahead of failure, but also 
assists in timing the replacement of the component.  This section will explain the event trees 
for Dashields as an example, the event trees for Emsworth and Montgomery were done the 
same way. 
 

8.8.8.1 Miter Gate Machinery Event Tree 
 

The event trees for the miter gate machinery are shown in Figures 8.8-E and 8.8-F.  
There are two levels of repair assumed, one for major repairs and one for minor repairs.  It is 
assumed that a failure of the miter gate machinery causes chamber closure.  Cost and closure 
break downs associated with the miter gate machinery event trees are provided below. 
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Miter Gate Machinery DASHIELDS LOCKS AND DAM  
MARKLAND LOCKS AND DAM Main Chamber
Main Chamber

Annual Time
Dependent Closure Effect on

Component Probabilities Unplanned Repair Level Cost (days) Reliability

Satisfactory 1-h(t) New 1.00% $11,324,000 210 R=1.0 for all future yrs
Table Values Miter Gate Machinery

Major 25% Major Overhaul 4.00% $3,992,000 90 Back 10 years
Miter Gate Machinery

Replace Major Component 95.00% $697,000 30 No Change
Annual

Unsatisfactory h(t)
Table Values Major Overhaul 10.00% $2,506,000 60 Back 10 years

Minor 75%
Planned Replacement of Miter Gate
Machinery Will Be 60 Days of Closure and $7,378,000 Replace Minor Component 90.00% $371,000 15 No Change

 

FIGURE 8.8-E - Dashields Main Chamber Miter Gate Machinery Event Tree 
 
 
Miter Gate Machinery DASHIELDS LOCKS AND DAM  
MARKLAND LOCKS AND DAM Auxillary Chamber
Main Chamber

Annual Time
Dependent Closure Effect on

Component Probabilities Unplanned Repair Level Cost (days) Reliability

Satisfactory 1-h(t) New 1.00% $4,454,000 210 R=1.0 for all future yrs
Table Values Miter Gate Machinery

Major 25% Major Overhaul 4.00% $1,393,000 90 Back 10 years
Miter Gate Machinery

Replace Major Component 95.00% $104,000 30 No Change
Annual

Unsatisfactory h(t)
Table Values Major Overhaul 10.00% $836,000 60 Back 10 years

Minor 75%
Planned Replacement of Miter Gate
Machinery Will Be 60 Days of Closure and $3,838,000 Replace Minor Component 90.00% $70,000 15 No Change

 
FIGURE 8.8-F - Dashields Auxiliary Miter Gate Machinery Event Tree 

 
Miter Gate Machinery, Major Failure, Unplanned New Miter Gate Machinery.  This 

repair level assumes a catastrophic failure of the miter gate machinery where it is not 
repairable.  New machinery needs to be fabricated and installed.  Closure time is estimated to 
be 210 days for each chamber.  The cost for each chamber is: 
 
 Main Chamber unplanned new miter gate machinery =  $ 11,324,000 
 (includes $3,900,000 for helper boats) 
              
            Aux. Chamber unplanned new miter gate machinery =  $ 4,545,000 
  

This repair level is assumed to be the least likely of all the options.  A 0.25% chance 
of occurrence was assigned to this repair level.  The 0.25% is calculated by taking the 25% 
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associated with the major failure branch and multiplying to the 1% assigned to the unplanned 
miter gate machinery repair level.  With a new machinery system, an updated reliability of 1.0 
is assigned for the rest of the study period. 
 

Miter Gate Machinery, Major Failure, Major Overhaul.  This repair level assumes a 
major failure to the miter gate machinery, however, the existing machinery is completely 
overhauled instead of replaced (several new, large components may need to be replaced).  
Closure time is estimated to be 90 days for each chamber.  The cost for each chamber is: 
 
             Main Chamber, major overhaul =   $3,992,000 
             (includes $1,672,000 for helper boats) 
  

              Aux. Chamber, major overhaul =   $1,392,000 
 

This repair level is assumed to occur 1% of the time.  Again, this value is obtained by 
multiplying 25% for major failure by 4% assigned to this repair level.  This is not seen as a 
likely repair scenario, but it is possible.  Since not all of the machinery would be new, the 
future reliability is assumed to improve but not to the level of a new system.  It is assumed the 
reliability is pushed back to what the value was 10 years previous. 
 

Miter Gate Machinery, Major Failure, Replace Major Component.  This repair level is 
assumed to be most likely for any type of major failure.  An overall 23.75% is assigned to this 
repair level. This assumes only one major component needs to be replaced due to the failure.  
The future reliability is assumed to be unaffected.  Closure time is estimated to be 30 days for 
each chamber.  The cost for each chamber is: 
 
             Main Chamber, replace major component =         $697,000 
             (includes $557,000 for helper boats) 
 

            Aux. Chamber, replace major component =        $104,000 
  

Miter Gate Machinery, Minor Failure, Major Overhaul. This repair level assumes a 
minor failure of the miter gate machinery, however, the existing machinery is overhauled by 
replacing several smaller new components.  Closure time is estimated to be 60 days for each 
chamber.  The cost for each chamber is: 
 

            Main Chamber, major overhaul =     $2,506,000 
             (includes $1,114,000 for helper boats) 
 
           Aux. Chamber, major overhaul =     $  836,000 

 
This repair level is assumed to occur 7.5% of the time.  Again, this value is obtained 

by multiplying 75% for minor failure by 10% assigned to this repair level.  It is assumed the 
reliability is pushed back to what the value was 10 years previous. 
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Miter Gate Machinery, Minor Failure, Replace Minor Component.  The most likely 
repair level assumed is for the replacement of a minor component.  A 67.5% level was 
assigned to this repair.  Because only a single component is being replaced, it is assumed that 
the overall reliability associated with the miter gate machinery is not improved.  Closure time 
is estimated to be 15 days for each chamber.  The cost for each chamber is: 
 
                    Main Chamber, replace minor component =    $371,000 
         (includes $279,000 for helper boats) 
 
                    Aux. Chamber, replace minor component =      $ 70,000 
 

8.8.8.2 Culvert Valve Machinery Event Trees 
 

The event trees for the culvert valve machinery are shown in Figures 8.8-G and 8.8-H.  
There are two levels of repair assumed, one for major repairs and one for minor repairs.  It is 
assumed that a failure of the culvert valve machinery causes chamber closure.  Cost and 
closure break downs associated with the culvert valve machinery event trees are provided 
below. 
 
Culvert Valve Machinery DASHIELDS LOCKS AND DAM  
MARKLAND LOCKS AND DAM Main Chamber
Main Chamber

Annual Time
Dependent Clossure Effect on

Component Probabilities Unplanned Repair Level Cost (days) Reliability

Satisfactory 1-h(t) New 1.00% $6,684,000 210 R = 1.0 for all future yrs
Table Values Valve Machinery

Major 25% Major Overhaul 4.00% $2,832,000 90 Back 10 years
Valve Machinery

Replace Major Component 95.00% $697,000 30 No Change
Annual

Unsatisfactory h(t)
Table Values Major Overhaul 10.00% $2,042,000 60 Back 10 years

Planned Replacement of Valve Machinery Minor 75%
Will Take 60 Days of closure time and $3,132,000

Replace Minor Component 90.00% $371,000 15 No Change

 
FIGURE 8.8-G - Dashields Main Chamber Culvert Valve Machinery Event Tree 
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Culvert Valve Machinery DASHIELDS LOCKS AND DAM  
MARKLAND LOCKS AND DAM Auxilliary Chamber
Main Chamber

Annual Time
Dependent Closure Effect on

Component Probabilities Unplanned Repair Level Cost Days Reliability

Satisfactory 1-h(t) New 1.00% $1,334,000 180 R = 1.0 for all future yrs
Table Values Valve Machinery

Major 25% Major Overhaul 4.00% $348,000 90 Back 10 years
Valve Machinery

Replace Major Component 95.00% $53,000 30 No Change
Annual

Unsatisfactory h(t)
Table Values Major Overhaul 10.00% $278,000 60 Back 10 years

Planned Replacement of Valve Machinery Minor 75%
Will Take 45 Days of Closure and $928,000

Replace Minor Component 90.00% $34,000 15 No Change

 
FIGURE 8.8-H - Dashields Auxiliary Chamber Culvert Valve Machinery Event 

Tree 
 

Culvert Valve Machinery, Major Failure, Unplanned New Valve Machinery.  Similar 
to the miter gate machinery, this assumes a catastrophic failure of the culvert valve 
machinery.  Only 0.25% is assigned to this repair level for both chambers.  Future reliability 
is assumed to 1.0 after the new machinery is installed for all culvert valves.  Closure time is 
estimated to be 210 days for the main chamber and 180 days for the auxiliary chamber.  The 
cost for each chamber is: 
 
                        Main chamber unplanned new valve machinery = $6,684,000 
                        (includes $3,900,000 for helper boats) 
 
                         Aux. chamber unplanned new valve machinery = $  1,334,000 
 

Culvert Valve Machinery, Major Failure, Major Overhaul.  This assumes a major 
failure to the culvert valve machinery, however, the existing machinery is completely 
overhauled instead of replaced (several new, large components may need to be replaced).  
Only a 1% chance is assigned to this repair level for both chambers.  Future reliability is 
assumed to be improved by setting hazard rate back 10 years.  Closure time is estimated to be 
90 days for each chamber.  The cost for each chamber is: 
 
                  Main chamber, major overhaul = $   2,832,000 
                  (includes $1,672,000 for helper boats) 
 
                  Aux. chamber, major overhaul =  $   348,000 
  

Culvert Valve Machinery, Major Failure, Replace Major Component.  This is 
considered to be the most likely repair scenario under the major failure branch.  A 23.75% 
chance is assigned to this repair level.  The failure assumes replacement of a major valve 
machinery component.  Future reliability is not improved under this scenario.  Closure time is 
estimated to be 30 days for each chamber.  The cost for each chamber is: 
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                            Main chamber, replace major component  =  $697,000 
                (includes $557,000 for helper boats) 
 
                Aux. chamber, replace major component  =$   53,000 
  

Culvert Valve Machinery, Minor Failure, Major overhaul.  This assumes a failure of 
the culvert valve machinery, however, the existing machinery is overhauled by replacing 
several smaller new components.  A 7.5% chance is assigned to this repair level for both 
chambers.  Future reliability is assumed to be improved by setting hazard rate back 10 years. 
Closure time is estimated to be 60 days for each chamber.  The cost for each chamber is:   
 
            Main chamber, major overhaul =       $2,042,000 
            (includes $1,114,000 for helper boats) 
 
            Aux. chamber, major overhaul =        $  278,000 
  

Culvert Valve Machinery, Minor Failure, Replace Minor Component. The most likely 
repair level assumed is for the replacement of a minor component.  A 67.5% level was 
assigned to this repair.  Because only a single component is being replaced, it is assumed that 
the overall reliability associated with the culvert valve machinery is not improved.  Future 
reliability is not improved under this scenario.  Closure time is estimated to be 15 days for 
each chamber.  The cost for each chamber is: 
 

             Main chamber, replace minor component =  $ 371,000 
 (includes $279,000 for helper boats) 
 
 Aux. chamber, replace minor component =  $   34,000 

  

8.8.8.3 Hydraulic System Event Trees 
 

The event trees for the culvert valve machinery are shown in Figures 8.8-I and 8.8-J.  
There are two levels of repair assumed, one for major repairs and one for minor repairs.  It is 
assumed that a failure of the hydraulic system causes chamber closure.  Cost and closure 
break downs associated with the culvert valve machinery event trees are provided below. 
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Hydraulic System DASHIELDS LOCKS AND DAM  
MARKLAND LOCKS AND DAM Main Chamber
Main Chamber

Annual Time
Dependent Closure Effect on

Component Probabilities Unplanned Repair Level Cost (days) Reliability

Satisfactory 1-h(t) New 1.00% $7,380,000 210 R = 1.0 for all future yrs
Table Values Hydraulic System

Major 25% Major Overhaul 4.00% $2,368,000 90 Back 10 years
Hydraulic System

Replace Major Component 95.00% $296,000 15 No Change
Annual

Unsatisfactory h(t)
Table Values Major Overhaul 10.00% $1,184,000 45 Back 10 years

Planned Replacement of Hydraulic System Minor 75%
Will Be 15 Days of Closure and $2,843,000

Replace Minor Component 90.00% $198,000 10 No Change

 
FIGURE 8.8-I - Dashields Main Chamber Hydraulic System Event Tree 

 
Hydraulic System DASHIELDS LOCKS AND DAM  
MARKLAND LOCKS AND DAM  Auxilliary Chamber
Main Chamber

Annual Time
Dependent Closure Effect on

Component Probabilities Unplanned Repair Level Cost (days) Reliability

Satisfactory 1-h(t) New 1.00% $2,900,000 210 R = 1.0 for all future yrs
Table Values Hydraulic System

Major 25% Major Overhaul 4.00% $418,000 90 Back 10 years
Hydraulic System

Replace Major Component 95.00% $13,000 15 No Change
Annual

Unsatisfactory h(t)
Table Values Major Overhaul 10.00% $208,000 45 Back 10 years

Planned Replacement of Hydraulic System Minor 75%
Will Be 90 Days of Closure and $2,035,000

Replace Minor Component 90.00% $10,000 10 No Change

 

FIGURE 8.8-J - Dashields Auxiliary Chamber Hydraulic System Event Tree 
 

Hydraulic System, Major Failure, Unplanned New Hydraulic System.  This repair 
level assumes a catastrophic failure of the hydraulic system where the whole system needs to 
be replaced.  Closure time is estimated to be 210 days for each chamber.  The cost for each 
chamber is: 
 

 Main chamber, new hydraulic system =  $ 7,380,000 
 (includes $3,900,000 for helper boats) 
 
 Aux. chamber, new hydraulic system =  $ 2,900,000 

  
 

This repair level is assumed to be the least likely of all the options.  A 0.25% chance 
of occurrence was assigned to this repair level.  The 0.25% is calculated by taking the 25% 
associated with the major failure branch and multiplying to the 1% assigned to the unplanned 
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hydraulic system repair level.  With a new hydraulic system, an updated reliability of 1.0 is 
assigned for the rest of the study period. 
 

Hydraulic System, Major Failure, Major Overhaul. This assumes a major overhaul of 
the hydraulic system due to major failure, several new large components may need to be 
replaced.  Only a 1% chance is assigned to this repair level for both chambers.  Future 
reliability is assumed to be improved by setting hazard rate back 10 years.  Closure time is 
estimated to be 90 days for each chamber.  The cost for each chamber is:   
 

 Main chamber, major overhaul  =  $   2,368,000 
 (includes $1,672,000 for helper boats) 
 
 Aux. chamber, major overhaul =  $   418,000 

  
Hydraulic System, Major Failure, Replace Major Component. This is considered to be 

the most likely repair scenario under the major failure branch.  A 23.75% chance is assigned 
to this repair level.  The failure assumes replacement of a major hydraulic system component.  
Future reliability is not improved under this scenario.  Closure time is estimated to be 15 days 
for each chamber.  The cost for each chamber is:   
 
                         Main chamber, replace major component  =  $ 296,000 
               (includes $279,000 for helper boats) 
 
               Aux. chamber, replacement major component  =   $13,000 
 

Hydraulic System, Minor Failure, Major Overhaul. This assumes a failure of the 
hydraulic system, however, the existing system is overhauled by replacing several smaller 
new components.  A 7.5% chance is assigned to this repair level for both chambers.  Future 
reliability is assumed to be improved by setting hazard rate back 10 years.  Closure time is 
estimated to be 45 days for each chamber.  The cost for each chamber is:   
   

 Main chamber, major overhaul =  $1,184,000 
 (includes $836,000 for helper boats) 
 
 Aux. chamber, major overhaul =  $208,000 

  
Hydraulic System Minor Failure, Replace Minor Component. This is considered to be the 
most likely repair scenario at 67.5%.  Future reliability is not improved under this scenario.  
Closure time is estimated to be 10 days for each chamber.  The cost for each chamber is:   
 

            Main chamber, replace minor component =  $198,000 
 (includes $186,000 for helper boats) 
 
 Aux. chamber, replacement minor component =  $10,000 
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8.8.9 Example Hazard Rate Results 
 

The hazard rate graphs for Dashields are presented in this section as an example, the 
hazard rate graphs for Emsworth, Dashileds and Montgomery are included with the model 
runs in the appendix.  The Dashields mechanical component hazard rate graphs are shown in 
Figures 8.8-K, 8.8-L, and 8.8-M.  Figure 8.8-K depicts the miter gate machinery for both the 
main and auxiliary chambers.  Figure 8.8-L shows the culvert valve machinery for both 
chambers.  Figure 8.8-M depicts the hazard rates associated with the hydraulic system for the 
main and auxiliary chambers.  As expected, the hazard rates for the main chamber are higher 
than for the auxiliary chamber for like components as the rate is a function of the number of 
operating cycles for each component.  The hazard rate h(t) values for each system are used in 
the event tree of that system for the economic analysis. 
 

Dashields Miter Gate Machinery
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FIGURE 8.8-K - Dashields Miter Gate Machinery Hazard Rates 
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Dashields Filling and Emptying Valve Machinery
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FIGURE 8.8-L - Dashields Culvert Valve Machinery Hazard Rates 

 
Dashields Hydraulic System
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FIGURE 8.8-M - Dashields Hydraulic System Hazard Rates 

 
 
8.9 SECTION INTENTIONALLY LEFT BLANK 
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8.10 LOCK ELECTRICAL AND CONTROLS RELIABILITY 
 

The electrical system for the lock essentially is made up of a series of individual 
components that work in series and parallel to operate the lock.  Included in this list of 
components are items like service disconnect switches, circuit breakers, motor control centers 
automatic transfer switches, transformers, controllers, etc. From a system perspective, the 
model of the electrical system is a series of two critical subsystems. One subsystem is the 
electrical distribution system and the other being the motor circuits to the hydraulic pumps.  
The results were coupled within the computations to attain reliability and hazard functions 
values for the electrical system. Since the vast majority of the system operates in series, a 
failure of any single item, with the exception of a single hydraulic pump, would shut the lock 
down until repairs were made.  Therefore, a single overall lock model was set up for the 
development of one hazard rate per chamber with a single event tree. 
 

This section will discuss the electrical model and only details the results for Dashields 
Locks since there are only slight differences between the three projects. The complete 
reliability assessments for Emsworth, Dashields, and Montgomery are included in back of the 
report as an attachment. 
 

8.10.1 Assessment of Reliability for Electrical System of the Lock 
 

The electrical reliability assessment is based on procedures defined by EC 1110-2-
6062 - Chapter 7, Engineering and Design, RELIABILITY ANALYSIS OF 
NAVIGATIONAL LOCK AND DAM MECHANICAL AND ELECTRICAL EQUIPMENT, 
30 Nov 1997. This method of analysis was utilized for the Emsworth Dam Rehab study and 
the ORMSS system study report.  The following paragraphs document the assumptions, 
current conditions and provide the results of the reliability assessment. 
 

8.10.2 Component Condition Investigations 
 

Emsworth, Dashields and Montgomery each have two locks, a main, 600-ft. lock, and 
an auxiliary, 360-ft. lock. Each lock received a major rehabilitation.  Major rehabilitation 
projects were completed for Emsworth, Dashields, and Montgomery in the 1984, 1990, and 
1989 respectively. Each lock has four miter gates that are operated by hydraulically driven 
sector gears.  The electrical power is provided by the local utility, with backup power 
provided by a diesel generator. Each lock has a motor control center that distributes power to 
other locks walls and the hydraulic pumps. All of the critical electrical equipment was 
replaced during the major rehabilitation projects. 
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8.10.3 Condition States of the Electrical System 
 

The reliability, R(t), for each component and for the system as a whole, was calculated 
for every year of operation from installation through the year 2070.  The limit state was 
defined as the Mean Time to Failure (MTTF) for the expected useful life of the components 
being analyzed.  The hazard rate of any system is defined by the following relationship to be 
the probability of unsatisfactory performance, provided the component or system has not 
failed until the time of assessment: h(t)=f(t)/R(t). 
 

The reliability block diagram (RBD) and the one-line diagram for the basic electrical 
system at Dashields are shown in Figure 8.10-F.  The one-line diagram for Dashields is very 
similar for both Emsworth and Montgomery locks. 
 

8.10.4 Failure Rate of Electrical Components 
 

The environmental conditions were considered for the ambient service of the electrical 
equipment.  Lambda, λ, represents the number of failures per 1 x 106 operating hours.  The 
values were based on data from equipment in similar service conditions.  The failure rates of 
all applicable equipment would normally be based on published data and repair history and 
length of time parts are generally readily available for a given serviceable component. 
However, there was a lack of sufficient repair history information and published failure rates 
were not consistent with equipment utilized on civil works project.  Therefore, prior to this 
study, expert elicitations were conducted to determine the characteristic life of various 
electrical components.  Failure rates were developed from the elicited characteristic life 
values. 
 

8.10.5 Failure Types  
 

In this analysis, electrical equipment comes to the end of its “useful life” by one of 
three types of failures.  These are termed the Duty Cycle Failure, Environmental 
Conditions/Entropy, and Obsolescence.  Each is described within this sub-section.   

8.10.5.1 Duty Cycle Failure   
 

This type of failure is based on the amount of time that the component is operated or 
how many cycles it has to go through multiplied by the time per cycle.  Since the equipment 
does not operate continually, the total mission time is determined with a duty cycle factor.  
The duty cycle factor is the ratio of actual time the equipment is energized by voltage and/or 
current to the total mission time, t.  The example from EC 1110-2-6062 - Chapter 7 states that 
the equation R(t) = e-λtd is a constant failure rate component with a duty factor d.  The lock 
equipment in the example had an average number of 13,148 open/close cycles per year.  
Assuming the operating time of an open/close operation is 120 seconds (or 240 seconds per 
open/close cycle) and using a total mission time of 50 years, then, 
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 Operating time = (240*13,148)/3600 
           = (877 operational hours/year)*(50 years) 
      = 43,850 hours = 5 years 

For t = 50 years, 
 
 d = 5/50 = 0.10 
 

This analysis uses the past and projected cycles as a key input to this analysis.  
Electrical equipment, which is normally energized 100% of the calendar year, has a duty 
cycle of 1.0.  Equipment associated with the hydraulic pumps used the number of cycles and 
the time required for lockages since pumps are left energized during the entire lockage period. 
The total number of cycles for each lock is divided by the total number of years of operation 
to come up with the average cycles per year.  Average operating pump time in hours is 
included for Emsworth Dashields and Montgomery with the reliability analysis. 
 

8.10.5.2 Environmental Conditions and Entropy   
 

This type of failure relates to components such as a wire, which has insulation and 
jacket properties that degrade over time, whether it has current flow or not.  In this case, 
historic replacement information is used.  For example, several locks have installed new 
wiring after approximately 50 years of operation.  While this replacement was more of a 
preventative measure than a repaired failure, it does define the “useful life” that was utilized 
from the component and provides a guide for subsequent replacements.  In this analysis, 
useful life is equal to characteristic life, α.  As stated previously, the characteristic life for 
various electrical components was elicited by several electrical experts within the Corps of 
Engineers. These values were utilized to develop the failure rates used in this analysis since 
failure rate data was not readily available. 
 

8.10.5.3 Obsolescence 
 

Components such as the motor control center (MCC) and transfer switches usually 
reach the end of their “useful life” when repair parts and other relative hardware cease to be 
available from the manufacturer.  These components will usually require repair/service before 
they become obsolete, but this analysis does not consider them failed until parts are not 
readily available.  Historic precedence and engineering judgment was used during the expert 
elicitation for the values of these components. 
 

8.10.6 Model Distribution  
 

The modes of failure for electrical equipment are very complex (i.e. they involve a 
wide variety of distresses such as temperature, vibration, mechanical stresses, etc.) resulting 
in extreme difficulty or inability to select β values for a Weibull distribution.  Since the values 
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were not known, an initial value of 1.0 was used as recommended by EC 1110-2-6062 - 
Chapter 7.  Using an initial value of 1.0 tends to reduce the Weibull distribution equation to 
an exponential distribution for the computation of the reliability value.  After initial results 
indicated exceedingly high hazard rates, it was decided to try other β values for “key 
components”.  After several variations, it was decided to use values of 2.5 and 3.0 for various 
system components.  This combination of β values seemed to give a more realistic range of 
values for the overall hazard rate. The exponential reliability equation is: 
 
 R(t) = e-λ’t’ 
 
where, 
 
 λ’ = adjusted failure rate, failures/year 
 t’= adjusted time variable (operation time), years 
 

One other key item to note is that several “small” components such as fuses, 
solenoids, switches, pushbuttons, and limit switches were not modeled. These components are 
primarily associated with the control systems at Emsworth, Dashields, and Montgomery. 
Because these components could be repaired rather expeditiously without closing the 
chamber, and at a very minor cost, it was decided to “eliminate” these from the failure 
calculations. Including the control system components (“minor failures”) part of the overall 
calculation tended to yield a very high hazard rate that did not seem realistic when 
determining the long-term reliability of the electrical system.  It was determined that the better 
option for all reliability models was to investigate significant type of limit states, thus, ones 
that caused extended chamber closures and had high repair costs.  All the control components 
above were not included in analysis for this study since they would cause neither an extended 
chamber closure nor costly repair if they failed to perform satisfactorily. 
 

8.10.7 Lock Electrical Sub-Components Analyzed 
 

The overall system analyzed was the provision of power to operate the lock.  The 
overall system was modeled in a similar manner as described by EC 1110-2-6062 - Chapter 7.  
The one line diagram system for Dashields is shown in Figure 8.10-F.  Because all the 
systems are generally similar for Emsworth, Dashields and Montgomery locks, the reliability 
block diagram for Dashields is shown to be representative. Minor differences in the electrical 
distribution at Emsworth and Montgomery systems include some additional electrical 
components. There is no recorded historical data available regarding the lock electrical 
components or system reliability.  Some of the reliability information for the electrical 
components was readily available in published sources, which was also referenced by EC 
1110-2-6062 - Chapter 7.  However, some of the published reliability information was not 
based on operating conditions or environment similar to the site and required calibration.  
Therefore, varying β values were used and some minor components removed from 
consideration to develop “common sense” results. 
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8.10.7.1 Lock Electrical Distribution, Service to the Project 
 

The reliability block diagram (RBD) does not completely reflect the single line and 
was based on the following assumptions.  It is highly unlikely that both the commercial and 
standby power systems would fail at the same time. Power is considered always available and 
reliable.  Therefore, the commercial power and standby generator were not evaluated.  The 
lock distribution system is mainly comprised of two power panelboards (PP), the automatic 
transfer switch (TS), motor control center (MC), several circuit breakers (CB), transformer 
(T), and power feeder (FP). The Dashields electrical distribution subsystem diagram for 
power to the project is organized as shown in Figure 8.10-A.  The distribution subsystem for 
Montgomery and Emsworth is similar and is shown in the reliability block diagrams 
contained within the overall lock electrical reliability model runs in the back of the main 
report. 
 

 
 

FIGURE 8.10-A - Dashields Lock Electrical Distribution Block Diagram 
The resulting reliability equation for this segment of the Dashields electrical 
distribution system is: 
 
R(t)Distribution=[PP(t)2*TS(t)*MC(t)*CB(t)4*T(t)*FP(t)] 

 

8.10.7.2 Lock Electrical Distribution, Power to Hydraulic Pumps 
 

Three hydraulic pumps in parallel provide hydraulic power for the gates.   Each of 
these circuits is comprised of a controller/contactor (C), a circuit breaker (CB), feeder power 
(FP), and the motor (M) and can operate independently of the other two.   The diagram of the 
resulting electrical subsystem is organized as follows in Figure 8.10-B.  The systems for the 
hydraulic pumps are exactly the same for Emsworth, Dashields, and Montgomery. 
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FIGURE 8.10-B - Block Diagram for Power to the Three Parallel Hydraulic 
Pumps 

 
The resulting reliability equation for this segment of the electrical distribution 
system is: 
 
R(t)pumps=[1-[1-[CB(t)*C(t)*FP(t)*M(t)]]3]] 
 
Therefore the overall resulting reliability equation for the electrical system is: 
 
R(t)system=R(t)distribution*R(t)pumps 

 

8.10.8 Electrical System Event Tree 
 

The event tree for the electrical system is set up slightly different than that of the 
structural components.  An extra branch on the event tree was added to differentiate between 
minor and major types of failures of the significant electrical components.  The failure rates 
from the manuals reflect mainly wear-and-tear type of failures such that most repairs would 
be minor in nature.  Therefore, the first branch of the event tree is the hazard rate for the 
electrical system.  The second branch delineates between major and minor failures.  The event 
tree uses 25% for major and 75% for minor given the components within the electrical 
system.  The event tree is shown in Figure 8.10-C.  Costs and closure breakdown for each of 
the major and minor types of repairs is supplied for the event tree.  For cost breakdowns and a 
description on how total costs were derived, see the cost section of the report.  
 

8.10.8.1 Major Failure Branch 
 

There are three branches off of the major failure branch portion of the event tree.  
These are catastrophic failure with a new, unplanned electrical system, a major overhaul of 
the electrical system, and finally, replacing one major component.  Each of these is detailed 
below. 
 

Major Failure, Unplanned New Electrical System.  This assumes a total failure of the 
electrical system.  The failure is assumed to be non-repairable such that a new, unplanned 
electrical system is required for the lock.  It is assumed that the electrical system would cost 
$5,500,000 to replace under emergency conditions. More importantly, the chamber is 
assumed closed for 90 days while replacement of the electrical system is completed. 
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     ' Planned new electrical system should be assumed to Cost $3,109,000 with 30 day closure

Annual Time
Dependent Effect on

Component Probabilities Repair Level Cost Closure  Reliability

Satisfactory
table values
1-h(t)

Unplanned New 10.00% $5,500,000 90 days R=1 all future years
Electrical System for Electrical System

Hydraulic Power Units
Major 25% Replace Major Multiple 20.00% $2,506,000 60 days Back 10 years

components

Annual Replace Major 70.00% $1,021,000 30 days No Change
unsatisfactory component
table values
h(t) Replace multiple minor 10.00% $963,000 30 days Back 10 years

components
Minor 75%

Replace single minor 90.00% $419,000 15 days No Change
component

Future Reliability will be equal to 1.0 for all future years after replacement

 

FIGURE 8.10-C - Dashields Main Chamber Electrical System Event Tree 
 

The cost for Major Failure/Unplanned New Electrical System is as follows: 
Total for Unplanned, New Electrical  =  $5,500,000 

 
Because this is the least likely repair method, a 2.5% chance was assigned to this 

level.  The 2.5% is derived from taking the 10% assigned to the branch multiplied by the 25% 
associated with the major failure branch.  Future reliability of the electrical system once it is 
replaced is assumed to be 1.0 for the purposes of this study. 
 

Major Failure, Replace Multiple Components (Major Overhaul of Electrical System).  
This assumes numerous failures to the electrical system such that an upgrade of several major 
components is required, but not a full replacement of the electrical system.  Parts that are not 
replaced are assumed to be in good condition.  An assumed closure time of 60 days was used 
for this repair level.   
 

Total for Major Repair Overhaul  =  $2,506,000 
 

A 5% chance was assigned to this repair level by taking the 20% for the repair level 
multiplied by the 25% for the major failure branch.  Therefore, it is assumed that this is not a 
likely repair scenario given a failure of the electrical system.  With a major overhaul, not all 
parts are new, however, the major components would be new and thus, the reliability is 
assumed to be upgraded to what it was 10 years previous to the failure. 
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Major Failure, Replace Single Component.  This assumes that only a single major 
component needs to be replaced and all others are in good condition.  However, it is assumed 
replacing the component does not upgrade the overall reliability of the electrical system. 
 

Total to Replace Single Component  =  $1,021,500 
 

This is considered to be the most likely repair level under the major failure branch of 
the event tree.  A 17.5% chance was assigned to this repair by taking the 70% multiplied by 
the 25% for the major failure branch.  As stated previously, reliability is not assumed to be 
upgraded for this repair. 
 

8.10.8.2 Minor Failure Branch 
 

There are two branches off of the minor failure portion of the event tree.  These are a 
major overhaul of the electrical system and replacing a single component.  An unplanned, 
new electrical system was left out of this branch since than can not be considered a minor 
failure.  Each of these “minor” failures is detailed below. 
 

Minor Failure, Replace Multiple Components (Overhaul of Electrical System).  This 
assumes numerous failures to the electrical system such that an upgrade of several electrical 
components is required, but not a full replacement of the electrical system.  Parts that are not 
replaced are assumed to be in good condition.  The difference between this repair and the 
major overhaul for the major failure branch is the assumption that the diagnosis of the 
problem and repair time takes less time than under the other major failure branch.  Therefore, 
only 30 days of chamber closure is required for this closure.   
 

Total for Minor Repair Overhaul  =  $963,000 
 

A 7.5% chance was assigned to this repair level by taking the 10% for the repair level 
multiplied by the 75% for the minor failure branch.  With an overhaul, not all parts are new, 
however, the major components would be new and thus, the reliability is assumed to be 
upgraded to what it was 10 years previous to the failure.  Again, with only 7.5% chance 
assigned to this branch, it is not considered a likely repair scenario. 
 

Minor Failure, Replace Single Component.  This assumes that only a single 
component needs to be replaced and all others are in good condition.  However, it is assumed 
replacing the component does not upgrade the overall reliability of the electrical system.  A 
chamber closure of 15 days is assumed for this repair, which includes the time for the 
specialty fleet to organize and get to the site.  As opposed to the major failure branch, it is 
assumed that the single component is cheaper and a smaller crew would be required to install 
it for the minor failure branch. 
 

Total to Replace Single Component  =  $419,000 
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This is considered to be the most likely repair level in the entire event tree.  A 67.5% 
chance was assigned to this repair by taking the 90% multiplied by the 75% for the minor 
failure branch.  The reliability of the overall electrical system is not upgraded for this repair. 
 

8.10.9 Hazard Rates and Sample Model Results 
 

As noted previously, control system components include items such as fuses, 
pushbuttons, limit switches, relays, and solenoids, etc.  Since these parts were easily 
replaceable and spares were readily available any chamber down time or repair cost would be 
insignificant in the overall economic analysis.  Therefore, for the purposes of this study, 
control system components were not included so they did not affect the overall electrical 
system hazard rate.   
 

There was a lack of historical information for failure rates for electrical components 
located on civil works structures. Therefore, failure rates for the different components utilized 
in this study were elicited by a team of electrical engineers from various Districts.  
 

The hazard rate for the main chamber electrical system at Dashields is shown in 
Figure 8.10-D, whereas, the auxiliary chamber results are shown in Figure 8.10-E.  As 
evidenced by these figures, the hazard rates for main and auxiliary chamber are only slightly 
different even though the operating cycles on the main chamber are considerably higher.  This 
is due to the fact that the majority of the components in the system are operational all the time 
and not just when lockages occur.  Most all of the components are more a function of age 
because they are continually charged.  The ages of the main and auxiliary chamber are 
essentially the same.  Therefore, the difference between the two chambers is due to only those 
components that are associated with the hydraulic pumps. Those components are a function of 
the number of operating cycles and the operating time for the pumps. 
 

Complete reliability results including event trees and hazard function charts are 
included for Emsworth, Dashields, and Montgomery at the end of the report.      
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Dashields Main Chamber Electrical System Hazard Function
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FIGURE 8.10-D - Dashields Main Chamber Electrical System Hazard Rate 

Dashields Auxiliary Chamber Electrical System Hazard Function
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FIGURE 8.10-E - Dashields Auxiliary Chamber Electrical System Hazard Rate 
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FIGURE 8.10-F - Dashields Electrical System Reliability Block Diagram (RBD) 
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FIGURE 8.10-G - Dashields Electrical System Reliability Sample Results 
 
 
 
 
 
 
 
 

RELIABILITY [R(t)] OF INDIVIDUAL COMPONENTS

Years of Analysis

1 2 3 4 5 6 7 8 9 10

Year 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

Circuit Breaker 0.9985 0.9978 0.9970 0.9960 0.9948 0.9934 0.9918 0.9899 0.9878 0.9853 0.9826

age, years 8 9 10 11 12 13 14 15 16 17 18

Starter 0.9999 0.9999 0.9999 0.9998 0.9998 0.9997 0.9997 0.9996 0.9995 0.9994 0.9993

age, years 8 9 10 11 12 13 14 15 16 17 18

feeder power 1.0000 1.0000 0.9999 0.9999 0.9999 0.9999 0.9998 0.9998 0.9998 0.9997 0.9997

age, years 8 9 10 11 12 13 14 15 16 17 18

motor 1.0000 0.9999 0.9999 0.9999 0.9998 0.9998 0.9997 0.9997 0.9996 0.9995 0.9994

age, years 8 9 10 11 12 13 14 15 16 17 18

Not Used            

age, years 8 9 10 11 12 13 14 15 16 17 18

Transfer switch 0.9859 0.9799 0.9726 0.9636 0.9531 0.9407 0.9265 0.9104 0.8923 0.8722 0.8502

age, years 8 9 10 11 12 13 14 15 16 17 18

Power panel 0.9975 0.9966 0.9956 0.9944 0.9930 0.9915 0.9898 0.9879 0.9857 0.9834 0.9809

age, years 8 9 10 11 12 13 14 15 16 17 18

Circuit Breaker 0.9985 0.9978 0.9970 0.9960 0.9948 0.9934 0.9918 0.9899 0.9878 0.9853 0.9826

age, years 8 9 10 11 12 13 14 15 16 17 18

feeder power 0.9992 0.9989 0.9985 0.9980 0.9975 0.9968 0.9960 0.9951 0.9940 0.9928 0.9915

age, years 8 9 10 11 12 13 14 15 16 17 18

Motor Control Cente 0.9978 0.9971 0.9962 0.9952 0.9940 0.9927 0.9912 0.9896 0.9878 0.9858 0.9836

age, years 8 9 10 11 12 13 14 15 16 17 18

transformer 0.9939 0.9919 0.9894 0.9866 0.9834 0.9797 0.9757 0.9712 0.9662 0.9608 0.9549

age, years 8 9 10 11 12 13 14 15 16 17 18

Panelboard 0.9975 0.9966 0.9956 0.9944 0.9930 0.9915 0.9898 0.9879 0.9857 0.9834 0.9809

age, years 8 9 10 11 12 13 14 15 16 17 18

HAZARD RATES [H(t)] OF INDIVIDUAL COMPONENTS

Year 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

Circuit Breaker 0.0006 0.0007 0.0009 0.0011 0.0013 0.0015 0.0018 0.0020 0.0023 0.0026 0.0029
Starter 0.0001 0.0001 0.0001 0.0001 0.0002 0.0002 0.0002 0.0002 0.0003 0.0003 0.0003
feeder power 0.0000 0.0000 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0002
motor 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0002 0.0002 0.0002 0.0002 0.0003
Not Used            
Transfer switch 0.0053 0.0068 0.0083 0.0101 0.0120 0.0141 0.0164 0.0188 0.0214 0.0241 0.0270
Power panel 0.0008 0.0009 0.0011 0.0013 0.0015 0.0016 0.0018 0.0020 0.0022 0.0025 0.0027
Circuit Breaker 0.0006 0.0007 0.0009 0.0011 0.0013 0.0015 0.0018 0.0020 0.0023 0.0026 0.0029
feeder power 0.0003 0.0004 0.0004 0.0005 0.0006 0.0007 0.0009 0.0010 0.0011 0.0013 0.0014
Motor Control Cente 0.0007 0.0008 0.0009 0.0011 0.0012 0.0014 0.0016 0.0017 0.0019 0.0021 0.0023
transformer 0.0019 0.0023 0.0027 0.0031 0.0035 0.0039 0.0044 0.0049 0.0054 0.0059 0.0064
Panelboard 0.0008 0.0009 0.0011 0.0013 0.0015 0.0016 0.0018 0.0020 0.0022 0.0025 0.0027

RELIABILITY OF SYSTEM  [Rs(t)]

Year 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

0.9661 0.9531 0.9374 0.9189 0.8975 0.8732 0.8459 0.8158 0.7830 0.7477 0.7102

*  Failure Rate per E6 Operating Hrs from Expert Elicitation
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8.11 DAM PIERS, SILLS, ABUTMENT AND STILLING BASIN 
RELIABILITY 
 

8.11.1 Emsworth Dams 
 
A risk and reliability assessment was not performed on any of the components at 

Emsworth Dams within this Study.  Under the ongoing Dams Rehabilitation program at 
Emsworth, features for the dam are being rehabilitated.  The gates and the gate equipment are 
being systematically replaced, the abutments are being stabilized and strengthened, and the 
stilling basin is being protected with a new scour protection program.  No further evaluations 
are being conducted within this Study.   
 

8.11.2 Dashields Dam 

8.11.2.1 Background Information 
 
At Dashields Locks and Dam the dam abutment is located on the right bank of the 

Ohio River.  The dam is a gravity concrete fixed crest dam constructed upon a prepared rock 
foundation.  The dam abutment is constructed of several regions monoliths upstream and 
downstream of the fixed crest dam section.  The abutment sections (Sections A and B) are 
gravity sections constructed upon a prepared rock foundation.  Figure 8.11-A shows the 
general arrangement of the fixed crest dam and abutment area.   

 

 
FIGURE 8.11-A – Arrangement of Dashields Abutment Fixed Crest Dam 
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8.11.2.2 Description of the Dam Section and Abutment Monoliths 
 
Dam sections and abutment monoliths provide a vital role in the function and 

continual performance of the lock chambers.  The dam and abutment monoliths provide 
structural support to the soil material, maintaining the river pool differential water surfaces to 
allow the vessels to navigate the Ohio River, and provide a ground water seepage barrier at 
the abutment to prevent migration of groundwater through the soil around the concrete dam 
that would breach the dam.   

 
The fixed crest dam and abutment are constructed by various in sections called 

monoliths.  Each monolith typically functions and operates independently of the adjacent 
monoliths.  Dashields Dam is composed of concrete monoliths without any steel reinforcing 
bars within the structures.  These sections rely on their gravity mass or self weight to resist 
any forces applied.  Unlike the lock wall monoliths, the fixed crest dam and abutment 
monoliths are not anchored structures.  These monoliths rely on the integrity of the concrete 
section for stability and integrity of the dam.     
 

8.11.2.3 Dam and Abutment Modeling 
 

The dam and abutment sections were analyzed using global stability analysis 
techniques for the failure limit states including overturning, sliding and bearing capacity.  The 
stability analysis was performed within Excel spreadsheets and a risk based reliability 
analysis was performed.  The following components were analyzed for the risk assessment: 

 
1.  Typical Dam Section at the base failure El. 653.0 
2.  Abutment Section A at base failure El 651.51 
3.  Abutment Section A at failure plane El 681.0 
4.  Abutment Section A at failure plane at El 690.0 
5.  Abutment Section B at base failure El 651.51 
6.  Abutment Section B failure plane at El 681.0 
7.  Abutment Section B failure plane at El 690.0 
8.  Abutment Section B failure plane at El 694.0 

 
A total of seven (7) hazard scenarios were considered for this risk analysis. These 

scenarios represented unique loading conditions that could be imposed on the dam, the dam 
apron and abutment. Five of the load conditions investigated were for different flow rates and 
corresponded to:  
 

Normal Operating Flow 
1-Year Flood Flow 
10-Year Flood Flow 
300-Year Flood Flow 
Standard Project Flood 
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The risk analysis for the structures investigated is based on the definition of limit 
states for the various potential failure modes. The structural failure modes considered are as 
follows: 

 
a. Sliding Resistance 
b. Overturning Resistance 
c. Foundation Bearing Capacity 
 
Limit states for each failure mode is described mathematically so that a value of 1.0 or 

greater is associated with adequate structural performance and a value of less that 1.0 relates 
to structural failure. 
 

The limit state is expressed as a ratio of the structural capacity divided by the 
structural demand. This ratio is also referred to as the Performance Index for the components 
analyzed. For a C/D (Capacity/Demand) ratio of 1.0, the structural capacity is exactly equal to 
the demand imposed by forces on the structure. Computed C/D ratios greater than 1.0 
represent reserve capacity, while C/D ratios less than 1.0 relate to structural failure, or 
unsatisfactory performance.  

 
This risk analysis also takes into consideration the uncertainty (i.e. variability) with 

respect to key parameters used in the determination of whether the limit states of the system is 
exceeded or not. This is accomplished by performing numerous iterations of the stability 
calculations, each time assigning new values for these parameters based on their probability 
distribution function. For each set of stability calculations, the values of the key parameters 
are randomly generated, which permits them to assume any of the range of possible values 
defined by their probability distribution functions. The C/D ratios for each limit state is then 
calculated for that particular iteration. The reliability (R) for a particular limit state is the total 
number of iterations with a C/D ration of 1.0 or greater divided by the total number of 
iterations performed. In other words, it is 1 – probability of the structure failure (C/D ratio 
less than 1.0). 

 
The limit state for each failure mode defined for this investigation was as follows: 
 
Limit State for Sliding Resistance 

The demand (D) for sliding is the total shear on the model section. The capacity (C) is 
the normal force times the coefficient of friction.   
 
Limit State for Overturning Resistance 

The C/D of overturning is defined as B/(B-2*Xr), where “B” is the base dimension, 
and “Xr” is the force resultant location measured from the toe. Physically, this can be thought 
of as the C/D ratio being 1.0 when the structure is balanced exactly on the toe. Any additional 
force will cause the structure to rotate about the toe. This definition is quite different than the 
current USACE guidance for stability, which typically requires that a certain percentage of 
the base be in compression. For instance, a C/D ratio of 3 relates to the base being 100 percent 
in compression. 
 



UPPER OHIO NAVIGATION STUDY                   Engineering Appendix  
  

 
 

 
 

GENERAL ENGINEERING REFERENCE DATA APPENDIX                    Page  8-98 

Limit State for Foundation Bearing Capacity 
For the analysis cases at the base of the structures, this is the bearing capacity of the 

rock divided by the calculated bearing stress. The bearing capacity of the rock does not have 
any factor of safety associated with it. 
 
Combined Limit State 

For each iteration, the probability of failure is calculated as a function of the 
exceedance of a limit state for any of the failure modes analyzed. It is noted that some limit 
states are correlated to others. For instance, failures of overturning are often associated with 
excessive bearing loads on the foundation. However, for this analysis it is assumed that no 
more than one failure may occur for each iteration. Therefore, to assess the overall risk, a 
combined limit state was tracked. If any limit states was less than one, then that iteration was 
considered a failure. 
 

A Monte Carlo simulation technique was used for this risk analysis. This methodology 
is a stochastic process that uses randomly selected values of the input variables to calculate 
the limits states described previously, and the resulting probability of failure. A significant 
number of simulations (iterations) are necessary to accurately calculate the probability of 
failure. Numerous iterations of the calculations are repeated until the results converge. As 
more and more iterations are performed, the results tend to approach a steady number. The set 
of variables used for the calculations performed are randomly generated at the beginning of 
the iteration. Some of the variables used for each iteration are well-known and defined such as 
the dimensions of the structure. These variables are referred to as deterministic. However, the 
magnitude of other variables, such as the mechanical properties of concrete, soil properties 
cannot be predicted with certainty, but rather may assume any of a range of values defined by 
a probability density function. The random variables are used to study the effects of quantities 
which either have a variability such as water levels, or which are associated with uncertainty. 
 

The risk based assessment performed did not include any time dependent behavior or 
deterioration of the concrete section due to deterioration of the concrete from freeze/thaw 
exposure or scouring effects below the dam. 
 

8.11.2.4 Unsatisfactory Performance for Reliability Analysis 
 

Within the risk assessment the limit state is expressed as a ratio of the structural 
capacity divided by the structural demand. This ratio is for the components analyzed. For a 
C/D (Capacity/Demand) ratio of 1.0, the structural capacity is exactly equal to the demand 
imposed by forces on the structure. Computed C/D ratios greater than 1.0 represent reserve 
capacity, while C/D ratios less than 1.0 relate to structural failure, or unsatisfactory 
performance. This risk analysis also takes into consideration the uncertainty (i.e. variability) 
with respect to key parameters used in the determination of whether the limit states of the 
system is exceeded or not. This is accomplished by performing numerous iterations of the 
stability calculations, each time assigning new values for these parameters based on their 
probability distribution function. For each set of stability calculations, the values of the key 
parameters are randomly generated, which permits them to assume any of the range of 
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possible values defined by their probability distribution functions. The C/D ratios for each 
limit state is then calculated for that particular iteration. The following conclusions were made 
from this analysis.   
 
Dam 

The probability of the typical dam section failure or unsatisfactory performance is zero 
in all the load cases. Therefore, the typical dam is satisfies all C/D ratios greater than or equal 
to 1.0.  
 
Abutment A 

Abutment A is critical both for internal (El. 681) and external failure at the base. The 
controlling performance mode of failure for both is bearing. Depending on the loading 
conditions and the corresponding pool levels, there is a probability of failure of 1.1 percent at 
the base for the normal loading. At El. 681 there is a 9.15 percent probability of failure for the 
300- year flow event and a 39 percent failure probability for the SPF event.  
 
Abutment B 

Abutment B has an 11.6 percent probability of failure under the Normal load case for 
the base.  At El. 690 there is a 9.15 percent probability of failure for the 300- year flow event 
and a 39 percent failure probability for the SPF event. 
 

The abutment monoliths were analyzed using multiple pool levels that were assumed 
to be constant within each evaluation.  The pool levels can fluctuate depending on the time of 
the year.  In order to convert the probability of unsatisfactory performance for a particular 
loading condition using a constant pool level used in the analysis into annual probability for 
the entire structure, the annual probability that the pool level between a particular level would 
occur based on historic records intervals was multiplied with probability of unsatisfactory 
performance.  Figure 8.11-B provides a simple table showing this computation for one 
monolith.  This computation was performed for all sections, with the highest probability of 
unsatisfactory selected to represent the entire structure.   

 

 
FIGURE 8.11-B – Calculation of Probability of Failure 
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8.11.2.5 Hazard Rate Calculation 
 

Because the risk based assessment performed did not include any time dependent 
behavior or deterioration of the concrete section due to deterioration of the concrete from 
freeze/thaw exposure or scouring effects below the dam a hazard rate was not calculated.    
Instead the analysis yielded a constant probability of failure of 18.5 percent was used for 
within the economic analysis. 

 

8.11.2.6 Event Tree Development 
 

Figure 8.11-C illustrates the event tree for the Dashields Abutment.  The event tree 
was developed using the following assumptions: 

 
1.  Repairs to the dam abutment will not affect the function of the lock chamber (either main 
or auxiliary) and will not impact the use of the chamber by any vessels in order to conduct the 
repairs. 
 
2.  Repairs will be performed by both floating plant and land based equipment.   
 
3.  Repair scenario of using post-tensioned rock anchors and concrete facing and capping will 
address all of the reliability issues associated with the limit states (overturning, sliding and 
bearing capacity).   
 

 
FIGURE 8.11-C – Dashields Abutment Event Tree 
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8.11.3 Montgomery Dam 
 

A risk and reliability assessment was not performed on any of the components at 
Montgomery Dam within this Study.  A stability analysis was performed on the dam piers, 
sills, abutments and stilling basin within this Study that evaluated the overall gravity stability 
of the features and evaluated several internal planes within the structures.  In fiscal year 2009 
a new in-depth investigations for the Montgomery Dam was initiated by the District under the 
Montgomery Dam Safety Modification Report.  The dam features and the dam gates at 
Montgomery will not be examined as part of this Feasibility Study and will be examined in 
detail under the separate Montgomery Dam Safety study.   

 
 
8.12 DAM SCOUR PROTECTION RELIABILITY 
 

A risk and reliability assessment was not performed on the effectiveness of the dam 
scour protection at Emsworth Dams within this Study.  This assessment was previously 
performed and the rehabilitation is currently being performed under the ongoing Dams 
Rehabilitation program at Emsworth.  The stilling basin will be protected from scour with a 
new scour protection program when completed.  No further evaluations are being conducted 
within this Study.   
 

A risk and reliability assessment was not performed on any of the components at 
Montgomery Dam within this Study.  In fiscal year 2009 a new in-depth investigations for the 
Montgomery Dam was initiated by the District under the Montgomery Dam Safety 
Modification Report and will investigate the risk to scour at the dam.  There the scour 
protection at Montgomery will not be examined as part of this Feasibility Study and will be 
examined in detail under the separate study. 
 
 
8.13 DAM GATES RELIABILITY 
 

The rehabilitations at Emsworth and Montgomery included repair of the dam gates, 
including the replacement of individual deteriorated structural members, reinforcement of 
other structural members, replacement of deteriorated rivets with high strength bolts and the 
cleaning and painting of all gates.  The repairs will solve the more pressing problems and 
satisfy minimum safety requirements for the interim period, but they are not considered a long 
term solution.  Since that time, the gates at Emsworth have become very unreliable and have 
failed numerous times.  One of the vertical lift gates on the main channel dam was replaced in 
2004 with O&M funding.  The on-going rehabilitation program at Emsworth Dam includes 
the replacement of all remaining vertical lift gates and the Sydney gate on the back channel 
dam and main channel dam.  No further evaluations are being conducted within this Study. 

 
Two of the dam gates at Montgomery gates were destroyed in a recent tow boat 

accident have been removed and the gate bays were closed with concrete gravity dams until 
the new gates were installed and placed in service.  These new gates were placed in service by 
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the fall of 2008.  Replacement of select individual deteriorated structural members, 
reinforcement of other structural members is ongoing, in order to meet the short term 
minimum safety requirements for the interim period.  These repairs are considered temporary 
interventions.  The District is budgeting for systematic replacement of the dam gates (two 
gates per year) as part of the Operations and Maintenance budget packages.  In addition new 
in-depth investigations for the Montgomery Dam was initiated by the District in fiscal year 
2008 under the Montgomery Dam Safety Modification Report.  Therefore the dam gates at 
Montgomery will not be examined as part of this Feasibility Study. 
 
 
8.14 DAM SERVICE BRIDGES RELIABILITY 
 

A risk and reliability assessment was not performed on the dam service at Emsworth 
Dams within this Study.  This assessment was previously performed and the rehabilitation is 
currently being performed under the ongoing Dams Rehabilitation program at Emsworth.  No 
further evaluations are being conducted within this Study.   
 

The Dashields Dam is a fixed crest dam and a dam service bridge does not currently at 
this facility.  Therefore no evaluation is needed under this Study.   

 
A risk and reliability assessment was not performed on any of the components at 

Montgomery Dam service bridge within this Study.  In fiscal year 2009 a new in-depth 
investigations for the Montgomery Dam was initiated by the District under the Montgomery 
Dam Safety Modification Report and will investigate the risk to the dam.  The service bridge 
at Montgomery will not be examined as part of this Feasibility Study and will be examined in 
detail under the separate study. 
 
8.15 DAM GATE MACHINERY RELIABILITY 
 

A risk and reliability assessment was not performed on any of the components at 
Montgomery Dam gate machinery within this Study.  In fiscal year 2009 a new in-depth 
investigations for the Montgomery Dam was initiated by the District under the Montgomery 
Dam Safety Modification Report and will investigate the risk to the dam.  The gate machinery 
at Montgomery will not be examined as part of this Feasibility Study and will be examined in 
detail under the separate study.   
 

The on-going rehabilitation program at Emsworth Dam includes the replacement of all 
remaining vertical lift gates and the Sydney gate on the back channel dam and main channel 
dam, which includes the gate machinery upgrades.  No further evaluations are being 
conducted within this Study. 
 

The Dashields Dam is a fixed crest dam, which does not currently have any machinery 
for the dam at this facility.  Therefore no evaluation is needed under this Study.   
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8.16 DAM ELECTRICAL AND CONTROL RELIABILITY 
 

A risk and reliability assessment was not performed on any of the components at 
Montgomery Dam electrical and controls within this Study.  In fiscal year 2009 a new in-
depth investigations for the Montgomery Dam was initiated by the District under the 
Montgomery Dam Safety Modification Report and will investigate the risk to the dam.  The 
electrical and controls at Montgomery will not be examined as part of this Feasibility Study 
and will be examined in detail under the separate study. 
 

The on-going rehabilitation program at Emsworth Dam includes the replacement of all 
remaining vertical lift gates and the Sydney gate on the back channel dam and main channel 
dam, which includes the dam electrical and control upgrades.  No further evaluations are 
being conducted within this Study. 
 

The Dashields Dam is a fixed crest dam and therefore there are no existing service 
bridge or power and controls system for this dam. No evaluation is needed under this Study.   
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9. COST AND CLOSURE MATRICES FOR 
EMSWORTH, DASHIELDS AND MONTGOMERY 
PROJECTS 
 
9.1 GENERAL 
 

This section describes the cost and closure matrices used in the Economic formulation 
process for three projects. The cost and closure matrices are a series of spreadsheet matrices 
that detail lock chamber specific costs, closures, and other project costs for the time frame 
2008 through 2065. The matrices are used to project future lock chamber closures and costs, 
which evaluate the scheduled maintenance on the locks in order to perform a complete 
economic analysis. 
 
 
9.2 OVERVIEW OF MATRICES 
 

The cost and closure matrices can be broken into two separate sections: main chamber 
closures and costs, and auxiliary chamber closures and costs. The without project baseline and 
status quo maintenance scenario matrices for Emsworth, Dashields and Montgomery are 
shown at the end of this Section. A description of each portion of the matrix is supplied in the 
following paragraphs.  These matrices also consider the critical near term maintenance 
identified by the District as essential to keep the lock chamber in operation.   

 
In addition typical maintenance intervals for a new lock and fully reliable chamber are 

used for the with project condition. These intervals are based on the Ohio River Division 
maintenance standard guidelines. Currently this maintenance interval for the Ohio River locks 
is around a 10-year to12-year frequency.   
 
9.3 TYPES OF CLOSURES 
 

Closure of either an auxiliary or main chamber at a facility can occur for a variety of 
reasons. Some closures are related to level of maintenance previously performed on the lock 
chamber, while others are not affected by maintenance history. For the purposes of this study, 
chamber closures were developed for scheduled maintenance. A description of each will be 
provided, along with how these closures were scheduled in the matrices. Lock closures due to 
emergencies or accidents are not considered.   
 
Cyclical Maintenance.   
 

These types of scheduled closures are generally due to inspection and required 
maintenance work on the major components of a lock (miter gates, culvert valves, emergency 
gates, miter gates sills and quoin posts etc.). Generally, cyclical maintenance includes 
dewatering the chamber for inspection and major repair work and depends on the nature of the 
work on the component involved. Cyclical maintenance schedules vary between according to 
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their fleet size, method of operation, lock usage, age and condition of the component, size of 
the auxiliary chamber and overall number of lock chambers requiring maintenance within 
their boundaries. Work performed under this type of closure is considered required 
preventative maintenance, in the sense that the cyclical repairs help to ensure proper operation 
and performance of the lock chamber major components. This work would include such 
things as lifting and pulling the miter gates to replace pintles, bushing, seals, etc, repair work 
on culvert valves, repair work to the gate sills and quoin posts, clearing of lateral ports, and 
other major types of repairs to components that typically operate underwater. These schedules 
were determined by investigating historical cyclical maintenance patterns and developing a 
future schedule according to the each district’s Operations Division current repair policy and 
schedule for each project.  The Pittsburgh District does not schedule lengthy closures for 
inspections or schedule to dewater the chamber for inspection purposes.  The lengthy closures 
are scheduled to accomplish vital repair work.  Because an inadequate chamber size for the 
auxiliary chamber (56’x360’) when compared to the main chamber (110’x600’), a typical tow 
that can navigate through the main chamber in one or two lockages, but requires significantly 
more lockages maybe five or six for the same tow size.  As a result minimizing the closure of 
the main chamber is utmost important to the navigation industry.  The scheduled maintenance 
closures are limited for the main chamber to be less than 18 days.  The scheduled maintenance 
repairs on the auxiliary chamber are limited to be less than 30 days.   
 

The scheduled maintenance matrices were developed with the assistance of the 
District’s Operations Division, Repair Party and Maintenance Engineers.  The matrices were 
tailored and adjusted as necessary to specifically meet each facility’s requirements and 
constraints.  The estimated costs include plant, equipment, labor and material for the work to 
be done using Government forces and are based on the 2008 equipment and labor records.  
The schedule maintenance forecasts were developed and based on the historical records on 
past repairs for the following items: 
 
Miter Gates Repairs 
 

Miter gates are normally repaired in the wet without lock chamber dewatering, but 
miter gate repairs can be accomplished in a dewatered chamber.  The gates would be 
disconnected from the anchorage, the connection to the lock wall, and the gate machinery 
system and lifted onto a workboat where they are inspected and repaired locally.  Only the 
gates and the immediate components associated with the gate are worked on.  Only one set of 
gates, upstream or downstream gate is repaired during a particular closure period.  Chamber 
shutdowns between 3 and 12 days are usual.   
 
Miter Gate Machinery Repairs 
 

Miter gate machinery including, sector gears, racks, and cylinders were replaced 
during the 1990 major rehabilitation effort.  Although these components are not regularly 
included in the standard maintenance cycles and are addressed on an as need basis, it is 
reasonable to forecast a rehabilitation of these components on a repair cycle and replacement 
in conjunction with any gate repairs.  This work is done without chamber dewatering and can 
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be done in conjunction with other chamber outages given that adequate time is available.  
Chamber shutdowns of 15 days are usual.   

 
Miter Gate Sill and Quoin Repair 

 
Miter gate sills and quoins post repairs are performed within dewatered lock chamber 

because these features are typically underwater.  Therefore lock chambers must be dewatered 
in order to gain access to these areas.  In addition dewatered lock chamber inspections 
associated with periodic inspections are performed.  Sills and quoins on one end of the 
chamber are repaired with an inspection and minor repairs (if possible) on the other end of the 
chamber are performed  Work on the sills general includes rehabilitation and/or replacement 
of the sill beam, embedded metals and concrete repairs.  Quoin work generally includes the 
same features.  Temporary dams, such as poiree dams, boule dams, needle dams or lock 
bulkheads are required to provide the temporary water closure so the chamber can be 
dewatered.  Chamber shutdowns between 15 and 30 days are usual. 
 
Lock Culvert Valves and Machinery Repairs 
 

Depending on the facility (Dashields or Montgomery) the lock filling and emptying 
valves are repaired during which the main chamber is operated at half speed to allow for work 
to be performed on the valves fully contained within the Land or Middle Wall.  Bulkheading 
localizes the areas of the valves to allow work to be conducted in the dry within the lock wall.  
The filling valves at the main chamber for Emsworth can be repaired within isolated localized 
Open Bulkheads where the chamber operated under a reduced speed and reduced tow sizes. 
Repairs for the main chamber emptying valves at Emsworth required the chamber to be 
closed and dewatered in order to perform the work.  Typically since a dewatered chamber is 
required, work on miter gate sills and quoins are scheduled.  For repairs on the valves for the 
auxiliary chamber required the chamber to be closed because either only one valve is provide 
to fill or empty the chamber, or require the chamber to be dewatered.  The auxiliary chambers 
are filled and emptied only from the River Wall.  Work includes the replacement of valve 
blades, rockers, strut tubes, bushings, bearings, and refurbishment of operating machinery.   
Work may also include repairs to valve frames and concrete as needed.  The filling and 
emptying valves (two valves) within one specific wall (land wall or middle wall) would be 
worked concurrently.  The two valves within the opposite wall would be worked on the 
second consecutive year.  Chamber shutdowns between 10 and 20 days are usual. 
 
Miter Gate Hydraulic System Repairs 
 

Miter gate hydraulic system primarily includes refurbishment or replacement of the 
operating cylinders and the associated hardware and equipment.  This includes cylinder 
anchorages, valves, manifolds and electric devices used by the cylinders.  This equipment was 
replaced during the 1990 major rehabilitation effort.  Although these components are not 
regularly included in the standard maintenance cycles and are addressed on an as need basis, 
it is reasonable to forecast a rehabilitation of these components on a repair cycle and 
replacement in conjunction with any gate repairs.  This work is done without dewatering and 
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can be done in conjunction with other main chamber outages given that adequate time is 
available.  Chamber shutdowns of 15 days are usual.   
 
9.4 SCHEDULED MAINTENANCE MATRICES 
 

The scheduled maintenance matrices were developed and tailored for each facility to 
account for any special requirements that might occur at one specific location.  These matrices 
were developed and are consistent with District’s Critical Maintenance that has been 
identified and schedule with the next three years in order to minimize unscheduled closures 
that may occur.  The matrices are developed separately between the main lock chamber and 
the auxiliary chamber.  Both closure time and estimated costs were developed.  A general 
representation of the matrix is presented in Figures 9.4-A and 9.4-B for illustrating the closure 
time and estimated costs.  The costs are based on the District’s Repair Station fleet, labor and 
material costs for Fiscal Year 2008.   
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FIGURE 9.4-A - Dashields Scheduled Maintenance Closure Days 
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FIGURE 9.4-A - Dashields Scheduled Maintenance Closure Days (Continued) 
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FIGURE 9.4-B - Dashields Scheduled Maintenance Closure Costs 
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FIGURE 9.4-B - Dashields Scheduled Maintenance Closure Costs (Continued)
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ATTACHMENT – 1 
 

LOCK WALL EVENT TREES 
AND 

HAZARD FUNCTIONS 



Event Tree.dgn  1/25/2010 1:16:28 PM



Event Tree.dgn  1/25/2010 1:06:19 PM



Event Tree.dgn  1/25/2010 1:12:28 PM



Event Tree.dgn  1/25/2010 1:07:16 PM



Event Tree.dgn  1/25/2010 1:07:43 PM



Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

Land  Wall - Post Stem and Anch. Repair
Branch Probability

p1(t) p2(t) p3(t) p1(t) p2(t) p3(t) p1(t) p2(t) p3(t) p1(t) p2(t) p3(t)
2005 0.008 0.42 0.49 0.09 0.005 0.00 0.84 0.16 0.004 0.82 0.00 0.18 0.001 0.00 0.00 1.00
2006 0.010 0.40 0.49 0.11 0.007 0.00 0.81 0.19 0.006 0.78 0.00 0.22 0.003 0.00 0.00 1.00
2007 0.010 0.39 0.48 0.13 0.008 0.00 0.78 0.22 0.006 0.75 0.00 0.25 0.004 0.00 0.00 1.00
2008 0.011 0.37 0.47 0.15 0.009 0.00 0.76 0.24 0.006 0.71 0.00 0.29 0.004 0.00 0.00 1.00
2009 0.012 0.36 0.47 0.17 0.009 0.00 0.73 0.27 0.007 0.68 0.00 0.32 0.005 0.00 0.00 1.00
2010 0.012 0.35 0.46 0.19 0.010 0.00 0.71 0.29 0.007 0.64 0.00 0.36 0.005 0.00 0.00 1.00
2011 0.013 0.33 0.46 0.21 0.011 0.00 0.68 0.32 0.008 0.61 0.00 0.39 0.006 0.00 0.00 1.00
2012 0.014 0.32 0.45 0.23 0.012 0.00 0.66 0.34 0.008 0.58 0.00 0.42 0.006 0.00 0.00 1.00
2013 0.014 0.31 0.44 0.25 0.012 0.00 0.64 0.36 0.009 0.55 0.00 0.45 0.007 0.00 0.00 1.00
2014 0.015 0.30 0.44 0.26 0.013 0.00 0.62 0.38 0.009 0.53 0.00 0.47 0.007 0.00 0.00 1.00
2015 0.016 0.29 0.43 0.28 0.014 0.00 0.61 0.39 0.010 0.50 0.00 0.50 0.008 0.00 0.00 1.00
2016 0.016 0.28 0.43 0.30 0.014 0.00 0.59 0.41 0.010 0.48 0.00 0.52 0.008 0.00 0.00 1.00
2017 0.017 0.27 0.42 0.31 0.015 0.00 0.58 0.42 0.011 0.46 0.00 0.54 0.009 0.00 0.00 1.00
2018 0.018 0.26 0.42 0.32 0.016 0.00 0.57 0.43 0.011 0.44 0.00 0.56 0.009 0.00 0.00 1.00
2019 0.019 0.25 0.42 0.34 0.016 0.00 0.55 0.45 0.012 0.43 0.00 0.57 0.010 0.00 0.00 1.00
2020 0.019 0.24 0.41 0.35 0.017 0.00 0.54 0.46 0.013 0.41 0.00 0.59 0.010 0.00 0.00 1.00
2021 0.020 0.23 0.41 0.36 0.018 0.00 0.53 0.47 0.013 0.40 0.00 0.60 0.011 0.00 0.00 1.00
2022 0.021 0.23 0.40 0.37 0.019 0.00 0.52 0.48 0.014 0.38 0.00 0.62 0.011 0.00 0.00 1.00
2023 0.022 0.22 0.40 0.38 0.019 0.00 0.51 0.49 0.014 0.37 0.00 0.63 0.012 0.00 0.00 1.00
2024 0.023 0.22 0.40 0.39 0.020 0.00 0.51 0.49 0.015 0.36 0.00 0.64 0.012 0.00 0.00 1.00
2025 0.023 0.21 0.39 0.40 0.021 0.00 0.50 0.50 0.015 0.35 0.00 0.65 0.013 0.00 0.00 1.00
2026 0.024 0.21 0.39 0.40 0.022 0.00 0.49 0.51 0.016 0.34 0.00 0.66 0.013 0.00 0.00 1.00
2027 0.025 0.20 0.39 0.41 0.023 0.00 0.49 0.51 0.016 0.33 0.00 0.67 0.014 0.00 0.00 1.00
2028 0.026 0.20 0.39 0.42 0.023 0.00 0.48 0.52 0.017 0.32 0.00 0.68 0.014 0.00 0.00 1.00
2029 0.027 0.19 0.38 0.42 0.024 0.00 0.48 0.52 0.018 0.31 0.00 0.69 0.015 0.00 0.00 1.00
2030 0.028 0.19 0.38 0.43 0.025 0.00 0.47 0.53 0.018 0.31 0.00 0.69 0.015 0.00 0.00 1.00
2031 0.029 0.19 0.38 0.43 0.026 0.00 0.47 0.53 0.019 0.30 0.00 0.70 0.016 0.00 0.00 1.00
2032 0.030 0.18 0.38 0.44 0.027 0.00 0.46 0.54 0.020 0.30 0.00 0.70 0.016 0.00 0.00 1.00
2033 0.031 0.18 0.38 0.44 0.028 0.00 0.46 0.54 0.020 0.29 0.00 0.71 0.017 0.00 0.00 1.00
2034 0.032 0.18 0.37 0.45 0.029 0.00 0.46 0.54 0.021 0.29 0.00 0.71 0.017 0.00 0.00 1.00
2035 0.033 0.18 0.37 0.45 0.030 0.00 0.45 0.55 0.022 0.28 0.00 0.72 0.018 0.00 0.00 1.00
2036 0.035 0.18 0.37 0.45 0.031 0.00 0.45 0.55 0.022 0.28 0.00 0.72 0.018 0.00 0.00 1.00
2037 0.036 0.17 0.37 0.46 0.032 0.00 0.45 0.55 0.023 0.28 0.00 0.72 0.019 0.00 0.00 1.00
2038 0.037 0.17 0.37 0.46 0.033 0.00 0.45 0.55 0.024 0.27 0.00 0.73 0.019 0.00 0.00 1.00
2039 0.038 0.17 0.37 0.46 0.034 0.00 0.44 0.56 0.025 0.27 0.00 0.73 0.020 0.00 0.00 1.00
2040 0.039 0.17 0.37 0.46 0.035 0.00 0.44 0.56 0.025 0.27 0.00 0.73 0.020 0.00 0.00 1.00
2041 0.041 0.17 0.37 0.46 0.036 0.00 0.44 0.56 0.026 0.27 0.00 0.73 0.021 0.00 0.00 1.00
2042 0.042 0.17 0.37 0.47 0.037 0.00 0.44 0.56 0.027 0.27 0.00 0.73 0.022 0.00 0.00 1.00
2043 0.044 0.17 0.36 0.47 0.038 0.00 0.44 0.56 0.028 0.26 0.00 0.74 0.022 0.00 0.00 1.00
2044 0.045 0.17 0.36 0.47 0.039 0.00 0.44 0.56 0.029 0.26 0.00 0.74 0.023 0.00 0.00 1.00
2045 0.047 0.17 0.36 0.47 0.041 0.00 0.44 0.56 0.030 0.26 0.00 0.74 0.023 0.00 0.00 1.00
2046 0.048 0.17 0.36 0.47 0.042 0.00 0.44 0.56 0.030 0.26 0.00 0.74 0.024 0.00 0.00 1.00
2047 0.050 0.17 0.36 0.47 0.044 0.00 0.44 0.56 0.031 0.26 0.00 0.74 0.025 0.00 0.00 1.00
2048 0.052 0.17 0.36 0.47 0.045 0.00 0.44 0.56 0.032 0.26 0.00 0.74 0.025 0.00 0.00 1.00
2049 0.054 0.17 0.36 0.47 0.047 0.00 0.44 0.56 0.033 0.26 0.00 0.74 0.026 0.00 0.00 1.00
2050 0.055 0.17 0.36 0.47 0.048 0.00 0.44 0.56 0.034 0.26 0.00 0.74 0.027 0.00 0.00 1.00
2051 0.057 0.17 0.36 0.47 0.050 0.00 0.44 0.56 0.035 0.26 0.00 0.74 0.028 0.00 0.00 1.00
2052 0.059 0.17 0.36 0.47 0.052 0.00 0.44 0.56 0.036 0.26 0.00 0.74 0.028 0.00 0.00 1.00
2053 0.062 0.17 0.36 0.47 0.054 0.00 0.44 0.56 0.037 0.26 0.00 0.74 0.029 0.00 0.00 1.00
2054 0.064 0.17 0.36 0.47 0.056 0.00 0.44 0.56 0.038 0.26 0.00 0.74 0.030 0.00 0.00 1.00
2055 0.066 0.17 0.36 0.47 0.058 0.00 0.44 0.56 0.040 0.26 0.00 0.74 0.031 0.00 0.00 1.00
2056 0.069 0.17 0.36 0.47 0.060 0.00 0.44 0.56 0.041 0.27 0.00 0.73 0.032 0.00 0.00 1.00
2057 0.072 0.17 0.36 0.47 0.062 0.00 0.44 0.56 0.042 0.27 0.00 0.73 0.033 0.00 0.00 1.00
2058 0.075 0.17 0.37 0.47 0.065 0.00 0.44 0.56 0.043 0.27 0.00 0.73 0.034 0.00 0.00 1.00
2059 0.078 0.17 0.37 0.46 0.068 0.00 0.44 0.56 0.045 0.27 0.00 0.73 0.034 0.00 0.00 1.00
2060 0.081 0.17 0.37 0.46 0.070 0.00 0.44 0.56 0.046 0.27 0.00 0.73 0.035 0.00 0.00 1.00

Emsworth L&D
Land Wall - Original Tree

Hazard 
Rate h(t)

Year Hazard 
Rate h(t)

Branch Probability Branch Probability Branch ProbabilityHazard 
Rate h(t)

Hazard 
Rate h(t)

Land Wall - Post Stem Repair Land Wall - Post Anchorage Repair
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Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

p1(t) p2(t) p1(t) p2(t)
2005 0.008 0.57 0.43 0.004 0.00 1.00
2006 0.010 0.57 0.43 0.006 0.00 1.00
2007 0.011 0.57 0.43 0.006 0.00 1.00
2008 0.011 0.57 0.43 0.007 0.00 1.00
2009 0.012 0.57 0.43 0.007 0.00 1.00
2010 0.013 0.57 0.43 0.008 0.00 1.00
2011 0.013 0.57 0.43 0.008 0.00 1.00
2012 0.014 0.57 0.43 0.009 0.00 1.00
2013 0.014 0.57 0.43 0.009 0.00 1.00
2014 0.015 0.57 0.43 0.010 0.00 1.00
2015 0.016 0.57 0.43 0.010 0.00 1.00
2016 0.017 0.57 0.43 0.010 0.00 1.00
2017 0.017 0.57 0.43 0.011 0.00 1.00
2018 0.018 0.57 0.43 0.011 0.00 1.00
2019 0.019 0.57 0.43 0.012 0.00 1.00
2020 0.019 0.57 0.43 0.012 0.00 1.00
2021 0.020 0.57 0.43 0.013 0.00 1.00
2022 0.021 0.57 0.43 0.013 0.00 1.00
2023 0.021 0.57 0.43 0.014 0.00 1.00
2024 0.022 0.57 0.43 0.014 0.00 1.00
2025 0.023 0.57 0.43 0.015 0.00 1.00
2026 0.024 0.57 0.43 0.015 0.00 1.00
2027 0.025 0.57 0.43 0.016 0.00 1.00
2028 0.025 0.57 0.43 0.016 0.00 1.00
2029 0.026 0.57 0.43 0.017 0.00 1.00
2030 0.027 0.57 0.43 0.017 0.00 1.00
2031 0.028 0.57 0.43 0.018 0.00 1.00
2032 0.029 0.57 0.43 0.018 0.00 1.00
2033 0.030 0.57 0.43 0.019 0.00 1.00
2034 0.031 0.57 0.43 0.019 0.00 1.00
2035 0.032 0.57 0.43 0.020 0.00 1.00
2036 0.033 0.57 0.43 0.020 0.00 1.00
2037 0.034 0.57 0.43 0.021 0.00 1.00
2038 0.035 0.57 0.43 0.022 0.00 1.00
2039 0.036 0.57 0.43 0.022 0.00 1.00
2040 0.037 0.57 0.43 0.023 0.00 1.00
2041 0.038 0.57 0.43 0.023 0.00 1.00
2042 0.039 0.57 0.43 0.024 0.00 1.00
2043 0.040 0.57 0.43 0.024 0.00 1.00
2044 0.042 0.57 0.43 0.025 0.00 1.00
2045 0.043 0.57 0.43 0.026 0.00 1.00
2046 0.044 0.57 0.43 0.026 0.00 1.00
2047 0.046 0.57 0.43 0.027 0.00 1.00
2048 0.047 0.57 0.43 0.028 0.00 1.00
2049 0.049 0.57 0.43 0.028 0.00 1.00
2050 0.050 0.57 0.43 0.029 0.00 1.00
2051 0.052 0.57 0.43 0.030 0.00 1.00
2052 0.054 0.57 0.43 0.030 0.00 1.00
2053 0.056 0.57 0.43 0.031 0.00 1.00
2054 0.058 0.57 0.43 0.032 0.00 1.00
2055 0.060 0.57 0.43 0.033 0.00 1.00
2056 0.062 0.57 0.43 0.034 0.00 1.00
2057 0.064 0.57 0.43 0.035 0.00 1.00
2058 0.067 0.57 0.43 0.036 0.00 1.00
2059 0.070 0.57 0.43 0.036 0.00 1.00
2060 0.072 0.57 0.43 0.038 0.00 1.00

Year

Emsworth L&D

Hazard 
Rate h(t)

Branch Probability
Middle Wall - Post Anchorage Repair

Hazard Rate 
h(t)

Branch Probability
Middle Wall - Original Tree
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Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

p1(t) p2(t) p3(t)
2005 0.000 1.00 0.00 0.00
2006 0.022 1.00 0.00 0.00
2007 0.022 1.00 0.00 0.00
2008 0.023 1.00 0.00 0.00
2009 0.023 1.00 0.00 0.00
2010 0.023 1.00 0.00 0.00
2011 0.024 1.00 0.00 0.00
2012 0.024 1.00 0.00 0.00
2013 0.024 1.00 0.00 0.00
2014 0.025 1.00 0.00 0.00
2015 0.025 1.00 0.00 0.00
2016 0.025 1.00 0.00 0.00
2017 0.026 1.00 0.00 0.00
2018 0.026 1.00 0.00 0.00
2019 0.026 1.00 0.00 0.00
2020 0.027 1.00 0.00 0.00
2021 0.027 1.00 0.00 0.00
2022 0.027 1.00 0.00 0.00
2023 0.027 1.00 0.00 0.00
2024 0.028 1.00 0.00 0.00
2025 0.028 1.00 0.00 0.00
2026 0.028 1.00 0.00 0.00
2027 0.029 1.00 0.00 0.00
2028 0.029 1.00 0.00 0.00
2029 0.029 1.00 0.00 0.00
2030 0.029 1.00 0.00 0.00
2031 0.030 1.00 0.00 0.00
2032 0.030 1.00 0.00 0.00
2033 0.030 1.00 0.00 0.00
2034 0.030 1.00 0.00 0.00
2035 0.031 1.00 0.00 0.00
2036 0.031 1.00 0.00 0.00
2037 0.031 1.00 0.00 0.00
2038 0.031 1.00 0.00 0.00
2039 0.031 1.00 0.00 0.00
2040 0.032 1.00 0.00 0.00
2041 0.032 1.00 0.00 0.00
2042 0.032 1.00 0.00 0.00
2043 0.032 1.00 0.00 0.00
2044 0.032 1.00 0.00 0.00
2045 0.032 1.00 0.00 0.00
2046 0.032 1.00 0.00 0.00
2047 0.032 1.00 0.00 0.00
2048 0.032 1.00 0.00 0.00
2049 0.032 1.00 0.00 0.00
2050 0.032 1.00 0.00 0.00
2051 0.032 1.00 0.00 0.00
2052 0.031 1.00 0.00 0.00
2053 0.031 1.00 0.00 0.00
2054 0.031 1.00 0.00 0.00
2055 0.030 1.00 0.00 0.00
2056 0.030 1.00 0.00 0.00
2057 0.029 1.00 0.00 0.00
2058 0.028 1.00 0.00 0.00
2059 0.025 1.00 0.00 0.00
2060 0.021 1.00 0.00 0.00

Year
Guide Wall

Emsworth L&D

Hazard 
Rate h(t)

Branch Probability
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Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

Land  Wall - Post Valve Recess Repair Land  Wall - Post Gallery Face Repair
Branch Probability Branch Probability

p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t)
2005 0.018 0.01 0.30 0.49 0.06 0.14 0.017 0.00 0.31 0.49 0.06 0.14 0.015 0.02 0.00 0.70 0.09 0.19 0.007 0.03 0.59 0.00 0.12 0.26 0.018 0.02 0.32 0.52 0.00 0.14
2006 0.019 0.02 0.29 0.49 0.06 0.13 0.018 0.00 0.30 0.50 0.06 0.14 0.015 0.03 0.00 0.70 0.08 0.19 0.008 0.04 0.58 0.00 0.12 0.26 0.018 0.02 0.31 0.52 0.00 0.14
2007 0.020 0.03 0.28 0.50 0.06 0.13 0.018 0.00 0.29 0.51 0.06 0.14 0.016 0.04 0.00 0.70 0.08 0.18 0.009 0.05 0.57 0.00 0.11 0.26 0.019 0.03 0.30 0.53 0.00 0.14
2008 0.020 0.03 0.28 0.50 0.06 0.13 0.018 0.00 0.29 0.52 0.06 0.13 0.016 0.05 0.00 0.70 0.08 0.18 0.009 0.07 0.56 0.00 0.11 0.26 0.020 0.04 0.29 0.53 0.00 0.14
2009 0.021 0.04 0.27 0.50 0.05 0.13 0.019 0.00 0.28 0.53 0.06 0.13 0.017 0.06 0.00 0.69 0.08 0.18 0.010 0.08 0.55 0.00 0.11 0.26 0.020 0.04 0.29 0.53 0.00 0.14
2010 0.022 0.05 0.27 0.50 0.05 0.13 0.019 0.00 0.28 0.53 0.06 0.13 0.018 0.06 0.00 0.69 0.07 0.17 0.010 0.10 0.54 0.00 0.11 0.26 0.021 0.05 0.28 0.53 0.00 0.14
2011 0.023 0.05 0.26 0.50 0.05 0.13 0.020 0.00 0.28 0.53 0.06 0.13 0.018 0.07 0.00 0.68 0.07 0.17 0.011 0.11 0.53 0.00 0.11 0.26 0.022 0.06 0.28 0.53 0.00 0.13
2012 0.023 0.06 0.26 0.50 0.05 0.13 0.020 0.00 0.27 0.53 0.06 0.14 0.019 0.08 0.00 0.68 0.07 0.17 0.011 0.12 0.52 0.00 0.11 0.26 0.022 0.06 0.27 0.53 0.00 0.13
2013 0.024 0.07 0.25 0.50 0.05 0.13 0.021 0.00 0.27 0.53 0.06 0.14 0.019 0.09 0.00 0.67 0.07 0.17 0.012 0.13 0.51 0.00 0.11 0.25 0.023 0.07 0.27 0.53 0.00 0.13
2014 0.025 0.07 0.25 0.50 0.05 0.13 0.021 0.00 0.27 0.53 0.06 0.14 0.020 0.09 0.00 0.66 0.07 0.17 0.013 0.14 0.50 0.00 0.11 0.25 0.023 0.07 0.27 0.52 0.00 0.13
2015 0.025 0.08 0.25 0.49 0.05 0.13 0.022 0.00 0.27 0.53 0.06 0.14 0.020 0.10 0.00 0.66 0.07 0.17 0.013 0.15 0.49 0.00 0.11 0.25 0.024 0.08 0.26 0.52 0.00 0.14
2016 0.026 0.08 0.25 0.49 0.05 0.13 0.022 0.00 0.27 0.53 0.06 0.14 0.021 0.11 0.00 0.65 0.07 0.17 0.014 0.16 0.48 0.00 0.10 0.25 0.025 0.09 0.26 0.52 0.00 0.14
2017 0.027 0.09 0.24 0.49 0.05 0.13 0.023 0.00 0.27 0.53 0.06 0.14 0.021 0.11 0.00 0.64 0.07 0.17 0.015 0.17 0.48 0.00 0.10 0.25 0.025 0.09 0.26 0.51 0.00 0.14
2018 0.027 0.09 0.24 0.48 0.05 0.13 0.023 0.00 0.27 0.53 0.06 0.15 0.022 0.12 0.00 0.64 0.07 0.18 0.015 0.17 0.47 0.00 0.10 0.26 0.026 0.09 0.26 0.51 0.00 0.14
2019 0.028 0.09 0.24 0.48 0.05 0.13 0.024 0.00 0.27 0.52 0.06 0.15 0.022 0.12 0.00 0.63 0.07 0.18 0.016 0.18 0.46 0.00 0.10 0.26 0.026 0.10 0.26 0.50 0.00 0.14
2020 0.028 0.10 0.24 0.47 0.06 0.14 0.024 0.00 0.27 0.52 0.06 0.15 0.022 0.13 0.00 0.62 0.07 0.18 0.017 0.18 0.45 0.00 0.10 0.26 0.027 0.10 0.25 0.50 0.00 0.14
2021 0.029 0.10 0.24 0.47 0.06 0.14 0.025 0.00 0.27 0.52 0.06 0.15 0.023 0.13 0.00 0.61 0.07 0.18 0.017 0.19 0.45 0.00 0.11 0.26 0.027 0.11 0.25 0.49 0.00 0.15
2022 0.030 0.10 0.24 0.46 0.06 0.14 0.025 0.00 0.27 0.51 0.06 0.16 0.023 0.14 0.00 0.60 0.07 0.19 0.018 0.19 0.44 0.00 0.11 0.26 0.028 0.11 0.25 0.49 0.00 0.15
2023 0.030 0.11 0.24 0.45 0.06 0.14 0.026 0.00 0.27 0.51 0.06 0.16 0.024 0.14 0.00 0.60 0.08 0.19 0.019 0.19 0.44 0.00 0.11 0.27 0.028 0.11 0.25 0.48 0.00 0.15
2024 0.031 0.11 0.24 0.45 0.06 0.15 0.026 0.00 0.27 0.50 0.07 0.17 0.024 0.14 0.00 0.59 0.08 0.19 0.019 0.20 0.43 0.00 0.11 0.27 0.029 0.11 0.25 0.48 0.00 0.16
2025 0.031 0.11 0.24 0.44 0.06 0.15 0.027 0.00 0.27 0.50 0.07 0.17 0.025 0.14 0.00 0.58 0.08 0.20 0.020 0.20 0.42 0.00 0.11 0.27 0.029 0.12 0.25 0.47 0.00 0.16
2026 0.032 0.11 0.24 0.44 0.06 0.15 0.028 0.00 0.27 0.49 0.07 0.17 0.025 0.15 0.00 0.57 0.08 0.20 0.021 0.20 0.42 0.00 0.11 0.27 0.030 0.12 0.25 0.46 0.00 0.16
2027 0.033 0.11 0.24 0.43 0.06 0.16 0.028 0.00 0.27 0.48 0.07 0.18 0.025 0.15 0.00 0.56 0.08 0.21 0.022 0.20 0.41 0.00 0.11 0.28 0.030 0.12 0.25 0.46 0.00 0.17
2028 0.033 0.12 0.24 0.42 0.06 0.16 0.029 0.00 0.27 0.48 0.07 0.18 0.026 0.15 0.00 0.55 0.08 0.21 0.023 0.20 0.41 0.00 0.11 0.28 0.031 0.12 0.25 0.45 0.00 0.17
2029 0.034 0.12 0.24 0.42 0.06 0.17 0.029 0.00 0.27 0.47 0.07 0.19 0.026 0.15 0.00 0.54 0.08 0.22 0.024 0.20 0.40 0.00 0.11 0.29 0.031 0.12 0.25 0.44 0.00 0.18
2030 0.034 0.12 0.24 0.41 0.07 0.17 0.030 0.00 0.27 0.46 0.07 0.19 0.026 0.15 0.00 0.54 0.09 0.22 0.024 0.20 0.40 0.00 0.11 0.29 0.032 0.13 0.25 0.44 0.00 0.18
2031 0.033 0.12 0.24 0.40 0.07 0.18 0.029 0.00 0.27 0.46 0.08 0.20 0.025 0.16 0.00 0.53 0.09 0.23 0.025 0.20 0.39 0.00 0.11 0.30 0.030 0.13 0.25 0.43 0.00 0.19
2032 0.034 0.12 0.24 0.39 0.07 0.18 0.029 0.00 0.27 0.45 0.08 0.21 0.025 0.16 0.00 0.52 0.09 0.24 0.026 0.20 0.39 0.00 0.11 0.30 0.031 0.13 0.25 0.42 0.00 0.19
2033 0.034 0.12 0.24 0.39 0.07 0.19 0.030 0.00 0.27 0.44 0.08 0.21 0.026 0.16 0.00 0.51 0.09 0.24 0.027 0.20 0.39 0.00 0.11 0.30 0.031 0.13 0.25 0.42 0.00 0.20
2034 0.035 0.12 0.24 0.38 0.07 0.19 0.031 0.00 0.27 0.43 0.08 0.22 0.026 0.16 0.00 0.50 0.09 0.25 0.028 0.19 0.38 0.00 0.11 0.31 0.031 0.13 0.26 0.41 0.00 0.21
2035 0.036 0.12 0.24 0.37 0.07 0.20 0.032 0.00 0.27 0.42 0.08 0.22 0.026 0.16 0.00 0.49 0.10 0.26 0.029 0.19 0.38 0.00 0.12 0.31 0.032 0.13 0.26 0.40 0.00 0.21
2036 0.036 0.12 0.24 0.36 0.07 0.20 0.032 0.00 0.27 0.41 0.08 0.23 0.027 0.16 0.00 0.48 0.10 0.27 0.030 0.19 0.37 0.00 0.12 0.32 0.033 0.13 0.26 0.39 0.00 0.22
2037 0.037 0.12 0.24 0.36 0.08 0.21 0.033 0.00 0.27 0.40 0.09 0.24 0.027 0.16 0.00 0.47 0.10 0.27 0.031 0.19 0.37 0.00 0.12 0.32 0.033 0.13 0.26 0.39 0.00 0.23
2038 0.038 0.12 0.24 0.35 0.08 0.22 0.034 0.00 0.27 0.40 0.09 0.24 0.028 0.16 0.00 0.46 0.10 0.28 0.032 0.18 0.37 0.00 0.12 0.33 0.034 0.13 0.26 0.38 0.00 0.23
2039 0.039 0.12 0.24 0.34 0.08 0.22 0.035 0.00 0.27 0.39 0.09 0.25 0.028 0.16 0.00 0.45 0.10 0.29 0.034 0.18 0.36 0.00 0.12 0.34 0.034 0.13 0.26 0.37 0.00 0.24
2040 0.040 0.12 0.24 0.33 0.08 0.23 0.036 0.00 0.27 0.38 0.09 0.26 0.029 0.16 0.00 0.44 0.11 0.30 0.035 0.18 0.36 0.00 0.12 0.34 0.035 0.13 0.26 0.36 0.00 0.25
2041 0.040 0.12 0.24 0.33 0.08 0.23 0.037 0.00 0.27 0.37 0.09 0.26 0.029 0.16 0.00 0.43 0.11 0.31 0.036 0.18 0.36 0.00 0.12 0.35 0.036 0.13 0.26 0.35 0.00 0.25
2042 0.041 0.12 0.24 0.32 0.08 0.24 0.038 0.00 0.27 0.36 0.10 0.27 0.030 0.15 0.00 0.42 0.11 0.32 0.037 0.17 0.35 0.00 0.12 0.35 0.036 0.13 0.26 0.35 0.00 0.26
2043 0.042 0.12 0.24 0.31 0.09 0.25 0.039 0.00 0.27 0.35 0.10 0.28 0.031 0.15 0.00 0.41 0.11 0.32 0.039 0.17 0.35 0.00 0.13 0.36 0.037 0.13 0.26 0.34 0.00 0.27
2044 0.043 0.11 0.24 0.30 0.09 0.25 0.041 0.00 0.27 0.34 0.10 0.29 0.031 0.15 0.00 0.40 0.12 0.33 0.040 0.16 0.35 0.00 0.13 0.36 0.038 0.13 0.26 0.33 0.00 0.28
2045 0.044 0.11 0.24 0.30 0.09 0.26 0.042 0.00 0.27 0.33 0.10 0.29 0.032 0.15 0.00 0.39 0.12 0.34 0.042 0.16 0.34 0.00 0.13 0.37 0.039 0.12 0.27 0.33 0.00 0.28
2046 0.046 0.11 0.24 0.29 0.09 0.27 0.043 0.00 0.27 0.33 0.10 0.30 0.033 0.15 0.00 0.38 0.12 0.35 0.043 0.16 0.34 0.00 0.13 0.37 0.040 0.12 0.27 0.32 0.00 0.29
2047 0.047 0.11 0.24 0.28 0.09 0.27 0.045 0.00 0.27 0.32 0.11 0.31 0.034 0.15 0.00 0.37 0.12 0.36 0.045 0.15 0.34 0.00 0.13 0.38 0.040 0.12 0.27 0.31 0.00 0.30
2048 0.048 0.11 0.24 0.27 0.10 0.28 0.046 0.00 0.27 0.31 0.11 0.31 0.035 0.14 0.00 0.36 0.13 0.37 0.047 0.15 0.33 0.00 0.13 0.38 0.042 0.12 0.27 0.30 0.00 0.31
2049 0.050 0.11 0.24 0.27 0.10 0.29 0.048 0.00 0.27 0.30 0.11 0.32 0.036 0.14 0.00 0.35 0.13 0.38 0.048 0.15 0.33 0.00 0.13 0.39 0.043 0.12 0.27 0.30 0.00 0.32
2050 0.051 0.10 0.24 0.26 0.10 0.29 0.050 0.00 0.27 0.29 0.11 0.33 0.037 0.14 0.00 0.34 0.13 0.39 0.050 0.14 0.33 0.00 0.13 0.40 0.044 0.12 0.27 0.29 0.00 0.33
2051 0.053 0.10 0.24 0.25 0.10 0.30 0.052 0.00 0.27 0.28 0.11 0.33 0.038 0.14 0.00 0.34 0.13 0.40 0.053 0.14 0.33 0.00 0.14 0.40 0.045 0.11 0.27 0.28 0.00 0.33
2052 0.055 0.10 0.24 0.25 0.10 0.31 0.054 0.00 0.27 0.27 0.12 0.34 0.040 0.13 0.00 0.33 0.14 0.40 0.055 0.13 0.32 0.00 0.14 0.41 0.047 0.11 0.27 0.28 0.00 0.34
2053 0.057 0.10 0.24 0.24 0.11 0.31 0.056 0.00 0.27 0.27 0.12 0.35 0.041 0.13 0.00 0.32 0.14 0.41 0.057 0.13 0.32 0.00 0.14 0.41 0.048 0.11 0.27 0.27 0.00 0.35
2054 0.059 0.10 0.24 0.23 0.11 0.32 0.059 0.00 0.27 0.26 0.12 0.35 0.043 0.13 0.00 0.31 0.14 0.42 0.060 0.12 0.32 0.00 0.14 0.42 0.050 0.11 0.27 0.26 0.00 0.36
2055 0.061 0.09 0.24 0.23 0.11 0.33 0.061 0.00 0.27 0.25 0.12 0.36 0.045 0.12 0.00 0.30 0.15 0.43 0.063 0.12 0.31 0.00 0.14 0.42 0.052 0.10 0.27 0.25 0.00 0.37
2056 0.064 0.09 0.24 0.22 0.11 0.33 0.064 0.00 0.27 0.24 0.12 0.37 0.047 0.12 0.00 0.29 0.15 0.44 0.066 0.12 0.31 0.00 0.14 0.43 0.055 0.10 0.27 0.25 0.00 0.38
2057 0.067 0.09 0.24 0.21 0.11 0.34 0.068 0.00 0.27 0.23 0.12 0.37 0.049 0.12 0.00 0.28 0.15 0.45 0.069 0.11 0.31 0.00 0.14 0.43 0.057 0.10 0.27 0.24 0.00 0.39
2058 0.070 0.09 0.24 0.21 0.12 0.35 0.071 0.00 0.27 0.23 0.13 0.38 0.052 0.11 0.00 0.27 0.15 0.46 0.073 0.11 0.31 0.00 0.15 0.44 0.060 0.10 0.28 0.23 0.00 0.39
2059 0.074 0.08 0.24 0.20 0.12 0.36 0.075 0.00 0.27 0.22 0.13 0.39 0.055 0.11 0.00 0.27 0.16 0.47 0.077 0.10 0.30 0.00 0.15 0.44 0.063 0.09 0.28 0.23 0.00 0.40
2060 0.078 0.08 0.24 0.19 0.12 0.36 0.079 0.00 0.26 0.21 0.13 0.39 0.059 0.11 0.00 0.26 0.16 0.48 0.081 0.10 0.30 0.00 0.15 0.45 0.067 0.09 0.28 0.22 0.00 0.41

Year Hazard 
Rate h(t)

Branch Probability Branch Probability Branch ProbabilityHazard 
Rate h(t)

Hazard 
Rate h(t)

Land Wall - Post Stem Repair Land Wall - Post Anchorage RepairLand Wall - Original Tree
Dashields L&D

Hazard 
Rate h(t)

Hazard 
Rate h(t)

EDM NIM Input Data-REV-2.xls DSH LW 6/1/2010



Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

Land  Wall - Post Stem, Anchorage & Valve Recess Repair Land  Wall - Post Stem, Anchorage & Gallery Repair
Branch Probability Branch Probability

p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t)
2005 0.014 0.00 0.00 0.71 0.09 0.20 0.006 0.00 0.61 0.00 0.12 0.27 0.016 0.00 0.33 0.53 0.00 0.15 0.003 0.00 0.00 0.00 0.31 0.69 0.013 0.00 0.00 0.78 0.00 0.22
2006 0.014 0.00 0.00 0.72 0.09 0.19 0.007 0.00 0.60 0.00 0.12 0.28 0.017 0.00 0.32 0.54 0.00 0.15 0.003 0.00 0.00 0.00 0.30 0.70 0.013 0.00 0.00 0.79 0.00 0.21
2007 0.014 0.00 0.00 0.73 0.08 0.19 0.007 0.00 0.60 0.00 0.12 0.28 0.017 0.00 0.31 0.54 0.00 0.14 0.003 0.00 0.00 0.00 0.30 0.70 0.013 0.00 0.00 0.79 0.00 0.21
2008 0.014 0.00 0.00 0.73 0.08 0.19 0.007 0.00 0.60 0.00 0.12 0.28 0.018 0.00 0.31 0.55 0.00 0.14 0.003 0.00 0.00 0.00 0.30 0.70 0.014 0.00 0.00 0.79 0.00 0.21
2009 0.015 0.00 0.00 0.73 0.08 0.19 0.007 0.00 0.60 0.00 0.12 0.28 0.018 0.00 0.30 0.56 0.00 0.14 0.003 0.00 0.00 0.00 0.30 0.70 0.014 0.00 0.00 0.80 0.00 0.20
2010 0.015 0.00 0.00 0.73 0.08 0.19 0.008 0.00 0.59 0.00 0.12 0.29 0.018 0.00 0.30 0.56 0.00 0.14 0.003 0.00 0.00 0.00 0.30 0.70 0.014 0.00 0.00 0.80 0.00 0.20
2011 0.015 0.00 0.00 0.74 0.08 0.19 0.008 0.00 0.59 0.00 0.12 0.29 0.019 0.00 0.29 0.56 0.00 0.14 0.004 0.00 0.00 0.00 0.30 0.70 0.014 0.00 0.00 0.80 0.00 0.20
2012 0.016 0.00 0.00 0.74 0.08 0.19 0.008 0.00 0.59 0.00 0.12 0.29 0.019 0.00 0.29 0.57 0.00 0.14 0.004 0.00 0.00 0.00 0.30 0.70 0.015 0.00 0.00 0.80 0.00 0.20
2013 0.016 0.00 0.00 0.73 0.08 0.19 0.009 0.00 0.59 0.00 0.12 0.29 0.020 0.00 0.29 0.57 0.00 0.14 0.004 0.00 0.00 0.00 0.29 0.71 0.015 0.00 0.00 0.80 0.00 0.20
2014 0.016 0.00 0.00 0.73 0.08 0.19 0.009 0.00 0.58 0.00 0.12 0.30 0.020 0.00 0.29 0.57 0.00 0.15 0.004 0.00 0.00 0.00 0.29 0.71 0.015 0.00 0.00 0.80 0.00 0.20
2015 0.017 0.00 0.00 0.73 0.08 0.19 0.010 0.00 0.58 0.00 0.12 0.30 0.021 0.00 0.29 0.57 0.00 0.15 0.005 0.00 0.00 0.00 0.29 0.71 0.015 0.00 0.00 0.79 0.00 0.21
2016 0.017 0.00 0.00 0.73 0.08 0.19 0.010 0.00 0.57 0.00 0.12 0.30 0.021 0.00 0.28 0.57 0.00 0.15 0.005 0.00 0.00 0.00 0.29 0.71 0.016 0.00 0.00 0.79 0.00 0.21
2017 0.017 0.00 0.00 0.72 0.08 0.20 0.011 0.00 0.57 0.00 0.13 0.30 0.021 0.00 0.28 0.56 0.00 0.15 0.005 0.00 0.00 0.00 0.29 0.71 0.016 0.00 0.00 0.79 0.00 0.21
2018 0.018 0.00 0.00 0.72 0.08 0.20 0.011 0.00 0.57 0.00 0.13 0.31 0.022 0.00 0.28 0.56 0.00 0.15 0.006 0.00 0.00 0.00 0.29 0.71 0.016 0.00 0.00 0.78 0.00 0.22
2019 0.018 0.00 0.00 0.72 0.08 0.20 0.012 0.00 0.56 0.00 0.13 0.31 0.022 0.00 0.28 0.56 0.00 0.16 0.006 0.00 0.00 0.00 0.29 0.71 0.016 0.00 0.00 0.78 0.00 0.22
2020 0.018 0.00 0.00 0.71 0.08 0.21 0.012 0.00 0.56 0.00 0.13 0.32 0.023 0.00 0.28 0.56 0.00 0.16 0.006 0.00 0.00 0.00 0.29 0.71 0.017 0.00 0.00 0.78 0.00 0.22
2021 0.019 0.00 0.00 0.70 0.09 0.21 0.013 0.00 0.55 0.00 0.13 0.32 0.023 0.00 0.28 0.55 0.00 0.16 0.007 0.00 0.00 0.00 0.29 0.71 0.017 0.00 0.00 0.77 0.00 0.23
2022 0.019 0.00 0.00 0.70 0.09 0.22 0.014 0.00 0.55 0.00 0.13 0.32 0.024 0.00 0.28 0.55 0.00 0.17 0.007 0.00 0.00 0.00 0.29 0.71 0.017 0.00 0.00 0.76 0.00 0.24
2023 0.019 0.00 0.00 0.69 0.09 0.22 0.014 0.00 0.54 0.00 0.13 0.33 0.024 0.00 0.28 0.54 0.00 0.17 0.008 0.00 0.00 0.00 0.29 0.71 0.017 0.00 0.00 0.76 0.00 0.24
2024 0.020 0.00 0.00 0.68 0.09 0.23 0.015 0.00 0.53 0.00 0.13 0.33 0.024 0.00 0.28 0.54 0.00 0.18 0.008 0.00 0.00 0.00 0.28 0.72 0.017 0.00 0.00 0.75 0.00 0.25
2025 0.020 0.00 0.00 0.68 0.09 0.23 0.016 0.00 0.53 0.00 0.13 0.34 0.025 0.00 0.29 0.53 0.00 0.18 0.009 0.00 0.00 0.00 0.28 0.72 0.018 0.00 0.00 0.75 0.00 0.25
2026 0.020 0.00 0.00 0.67 0.09 0.24 0.017 0.00 0.52 0.00 0.13 0.34 0.025 0.00 0.29 0.53 0.00 0.19 0.009 0.00 0.00 0.00 0.28 0.72 0.018 0.00 0.00 0.74 0.00 0.26
2027 0.021 0.00 0.00 0.66 0.10 0.24 0.017 0.00 0.52 0.00 0.14 0.35 0.026 0.00 0.29 0.52 0.00 0.19 0.010 0.00 0.00 0.00 0.28 0.72 0.018 0.00 0.00 0.73 0.00 0.27
2028 0.021 0.00 0.00 0.65 0.10 0.25 0.018 0.00 0.51 0.00 0.14 0.35 0.026 0.00 0.29 0.51 0.00 0.20 0.010 0.00 0.00 0.00 0.28 0.72 0.018 0.00 0.00 0.72 0.00 0.28
2029 0.021 0.00 0.00 0.64 0.10 0.26 0.019 0.00 0.50 0.00 0.14 0.36 0.027 0.00 0.29 0.51 0.00 0.20 0.011 0.00 0.00 0.00 0.28 0.72 0.019 0.00 0.00 0.71 0.00 0.29
2030 0.022 0.00 0.00 0.63 0.10 0.27 0.020 0.00 0.50 0.00 0.14 0.36 0.027 0.00 0.29 0.50 0.00 0.21 0.012 0.00 0.00 0.00 0.28 0.72 0.019 0.00 0.00 0.70 0.00 0.30
2031 0.020 0.00 0.00 0.62 0.10 0.27 0.021 0.00 0.49 0.00 0.14 0.37 0.026 0.00 0.29 0.49 0.00 0.22 0.012 0.00 0.00 0.00 0.27 0.73 0.017 0.00 0.00 0.69 0.00 0.31
2032 0.021 0.00 0.00 0.61 0.11 0.28 0.022 0.00 0.49 0.00 0.14 0.37 0.026 0.00 0.29 0.49 0.00 0.22 0.013 0.00 0.00 0.00 0.27 0.73 0.017 0.00 0.00 0.68 0.00 0.32
2033 0.021 0.00 0.00 0.60 0.11 0.29 0.023 0.00 0.48 0.00 0.14 0.38 0.027 0.00 0.29 0.48 0.00 0.23 0.014 0.00 0.00 0.00 0.27 0.73 0.018 0.00 0.00 0.67 0.00 0.33
2034 0.022 0.00 0.00 0.59 0.11 0.30 0.024 0.00 0.47 0.00 0.14 0.38 0.027 0.00 0.29 0.47 0.00 0.24 0.015 0.00 0.00 0.00 0.27 0.73 0.018 0.00 0.00 0.66 0.00 0.34
2035 0.022 0.00 0.00 0.58 0.11 0.31 0.025 0.00 0.47 0.00 0.14 0.39 0.028 0.00 0.29 0.46 0.00 0.25 0.016 0.00 0.00 0.00 0.27 0.73 0.018 0.00 0.00 0.65 0.00 0.35
2036 0.023 0.00 0.00 0.57 0.12 0.32 0.026 0.00 0.46 0.00 0.14 0.39 0.028 0.00 0.30 0.45 0.00 0.25 0.016 0.00 0.00 0.00 0.27 0.73 0.019 0.00 0.00 0.64 0.00 0.36
2037 0.023 0.00 0.00 0.55 0.12 0.33 0.027 0.00 0.46 0.00 0.15 0.40 0.029 0.00 0.30 0.44 0.00 0.26 0.017 0.00 0.00 0.00 0.27 0.73 0.019 0.00 0.00 0.63 0.00 0.37
2038 0.024 0.00 0.00 0.54 0.12 0.34 0.029 0.00 0.45 0.00 0.15 0.40 0.030 0.00 0.30 0.43 0.00 0.27 0.018 0.00 0.00 0.00 0.27 0.73 0.020 0.00 0.00 0.62 0.00 0.38
2039 0.025 0.00 0.00 0.53 0.12 0.34 0.030 0.00 0.44 0.00 0.15 0.41 0.030 0.00 0.30 0.43 0.00 0.28 0.019 0.00 0.00 0.00 0.26 0.74 0.020 0.00 0.00 0.61 0.00 0.39
2040 0.025 0.00 0.00 0.52 0.13 0.35 0.031 0.00 0.44 0.00 0.15 0.41 0.031 0.00 0.30 0.42 0.00 0.28 0.020 0.00 0.00 0.00 0.26 0.74 0.020 0.00 0.00 0.59 0.00 0.41
2041 0.026 0.00 0.00 0.51 0.13 0.36 0.033 0.00 0.43 0.00 0.15 0.42 0.032 0.00 0.30 0.41 0.00 0.29 0.021 0.00 0.00 0.00 0.26 0.74 0.021 0.00 0.00 0.58 0.00 0.42
2042 0.027 0.00 0.00 0.50 0.13 0.37 0.034 0.00 0.43 0.00 0.15 0.42 0.033 0.00 0.30 0.40 0.00 0.30 0.023 0.00 0.00 0.00 0.26 0.74 0.021 0.00 0.00 0.57 0.00 0.43
2043 0.028 0.00 0.00 0.48 0.13 0.38 0.036 0.00 0.42 0.00 0.15 0.43 0.034 0.00 0.30 0.39 0.00 0.31 0.024 0.00 0.00 0.00 0.26 0.74 0.022 0.00 0.00 0.56 0.00 0.44
2044 0.028 0.00 0.00 0.47 0.14 0.39 0.037 0.00 0.41 0.00 0.15 0.43 0.035 0.00 0.30 0.38 0.00 0.32 0.025 0.00 0.00 0.00 0.26 0.74 0.023 0.00 0.00 0.55 0.00 0.45
2045 0.029 0.00 0.00 0.46 0.14 0.40 0.039 0.00 0.41 0.00 0.15 0.44 0.036 0.00 0.30 0.37 0.00 0.33 0.026 0.00 0.00 0.00 0.26 0.74 0.023 0.00 0.00 0.53 0.00 0.47
2046 0.031 0.00 0.00 0.45 0.14 0.41 0.041 0.00 0.40 0.00 0.15 0.44 0.037 0.00 0.30 0.36 0.00 0.33 0.028 0.00 0.00 0.00 0.26 0.74 0.024 0.00 0.00 0.52 0.00 0.48
2047 0.032 0.00 0.00 0.43 0.14 0.42 0.043 0.00 0.40 0.00 0.15 0.45 0.038 0.00 0.30 0.35 0.00 0.34 0.029 0.00 0.00 0.00 0.26 0.74 0.025 0.00 0.00 0.51 0.00 0.49
2048 0.033 0.00 0.00 0.42 0.15 0.43 0.045 0.00 0.39 0.00 0.16 0.45 0.040 0.00 0.30 0.35 0.00 0.35 0.031 0.00 0.00 0.00 0.26 0.74 0.026 0.00 0.00 0.50 0.00 0.50
2049 0.034 0.00 0.00 0.41 0.15 0.44 0.047 0.00 0.39 0.00 0.16 0.46 0.041 0.00 0.30 0.34 0.00 0.36 0.033 0.00 0.00 0.00 0.25 0.75 0.027 0.00 0.00 0.48 0.00 0.52
2050 0.035 0.00 0.00 0.40 0.15 0.45 0.049 0.00 0.38 0.00 0.16 0.46 0.042 0.00 0.30 0.33 0.00 0.37 0.035 0.00 0.00 0.00 0.25 0.75 0.028 0.00 0.00 0.47 0.00 0.53
2051 0.037 0.00 0.00 0.39 0.16 0.46 0.051 0.00 0.38 0.00 0.16 0.47 0.044 0.00 0.30 0.32 0.00 0.38 0.037 0.00 0.00 0.00 0.25 0.75 0.029 0.00 0.00 0.46 0.00 0.54
2052 0.039 0.00 0.00 0.38 0.16 0.47 0.054 0.00 0.37 0.00 0.16 0.47 0.046 0.00 0.30 0.31 0.00 0.38 0.039 0.00 0.00 0.00 0.25 0.75 0.031 0.00 0.00 0.45 0.00 0.55
2053 0.041 0.00 0.00 0.36 0.16 0.48 0.057 0.00 0.37 0.00 0.16 0.47 0.048 0.00 0.30 0.30 0.00 0.39 0.041 0.00 0.00 0.00 0.25 0.75 0.032 0.00 0.00 0.43 0.00 0.57
2054 0.043 0.00 0.00 0.35 0.16 0.48 0.060 0.00 0.36 0.00 0.16 0.48 0.050 0.00 0.30 0.29 0.00 0.40 0.043 0.00 0.00 0.00 0.25 0.75 0.034 0.00 0.00 0.42 0.00 0.58
2055 0.045 0.00 0.00 0.34 0.17 0.49 0.063 0.00 0.36 0.00 0.16 0.48 0.052 0.00 0.30 0.28 0.00 0.41 0.046 0.00 0.00 0.00 0.25 0.75 0.035 0.00 0.00 0.41 0.00 0.59
2056 0.047 0.00 0.00 0.33 0.17 0.50 0.066 0.00 0.35 0.00 0.16 0.48 0.055 0.00 0.30 0.28 0.00 0.42 0.049 0.00 0.00 0.00 0.25 0.75 0.037 0.00 0.00 0.40 0.00 0.60
2057 0.050 0.00 0.00 0.32 0.17 0.51 0.070 0.00 0.35 0.00 0.16 0.49 0.058 0.00 0.30 0.27 0.00 0.43 0.052 0.00 0.00 0.00 0.25 0.75 0.040 0.00 0.00 0.39 0.00 0.61
2058 0.053 0.00 0.00 0.31 0.17 0.52 0.073 0.00 0.34 0.00 0.16 0.49 0.060 0.00 0.30 0.26 0.00 0.44 0.055 0.00 0.00 0.00 0.25 0.75 0.042 0.00 0.00 0.37 0.00 0.63
2059 0.056 0.00 0.00 0.30 0.18 0.53 0.078 0.00 0.34 0.00 0.16 0.50 0.064 0.00 0.30 0.25 0.00 0.44 0.059 0.00 0.00 0.00 0.25 0.75 0.045 0.00 0.00 0.36 0.00 0.64
2060 0.060 0.00 0.00 0.29 0.18 0.53 0.082 0.00 0.34 0.00 0.17 0.50 0.068 0.00 0.30 0.24 0.00 0.45 0.063 0.00 0.00 0.00 0.25 0.75 0.048 0.00 0.00 0.35 0.00 0.65

Year
Land Wall - Post Stem & Anchorage Repair Land Wall - Post Stem & Valve Recess Repair Land Wall - Post Stem and Gallery Repair

Hazard 
Rate h(t)

Branch Probability Hazard 
Rate h(t)

Branch Probability Hazard 
Rate h(t)

Branch Probability

Dashields L&D

Hazard 
Rate h(t)

Hazard 
Rate h(t)

EDM NIM Input Data-REV-2.xls DSH LW 6/1/2010



Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

Land  Wall - Post Valve Recess & Gallery Repair
Branch Probability Branch Probability

p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t)
2005 0.002 0.00 0.00 0.00 0.00 1.00 0.004 0.07 0.00 0.00 0.29 0.64 0.014 0.02 0.00 0.76 0.00 0.21 0.003 0.10 0.00 0.00 0.00 0.90 0.007 0.03 0.67 0.00 0.00 0.30
2006 0.002 0.00 0.00 0.00 0.00 1.00 0.004 0.10 0.00 0.00 0.27 0.63 0.015 0.03 0.00 0.76 0.00 0.21 0.004 0.13 0.00 0.00 0.00 0.87 0.007 0.05 0.66 0.00 0.00 0.30
2007 0.002 0.00 0.00 0.00 0.00 1.00 0.005 0.13 0.00 0.00 0.26 0.61 0.015 0.04 0.00 0.76 0.00 0.20 0.004 0.17 0.00 0.00 0.00 0.83 0.008 0.06 0.64 0.00 0.00 0.30
2008 0.002 0.00 0.00 0.00 0.00 1.00 0.005 0.16 0.00 0.00 0.25 0.59 0.016 0.05 0.00 0.75 0.00 0.20 0.004 0.21 0.00 0.00 0.00 0.79 0.008 0.08 0.63 0.00 0.00 0.29
2009 0.002 0.00 0.00 0.00 0.00 1.00 0.005 0.18 0.00 0.00 0.24 0.57 0.016 0.06 0.00 0.75 0.00 0.19 0.005 0.24 0.00 0.00 0.00 0.76 0.009 0.09 0.62 0.00 0.00 0.29
2010 0.002 0.00 0.00 0.00 0.00 1.00 0.006 0.21 0.00 0.00 0.24 0.56 0.017 0.07 0.00 0.74 0.00 0.19 0.005 0.27 0.00 0.00 0.00 0.73 0.009 0.11 0.60 0.00 0.00 0.29
2011 0.003 0.00 0.00 0.00 0.00 1.00 0.006 0.23 0.00 0.00 0.23 0.54 0.017 0.08 0.00 0.74 0.00 0.19 0.005 0.30 0.00 0.00 0.00 0.70 0.010 0.12 0.59 0.00 0.00 0.29
2012 0.003 0.00 0.00 0.00 0.00 1.00 0.007 0.25 0.00 0.00 0.22 0.53 0.018 0.09 0.00 0.73 0.00 0.18 0.006 0.32 0.00 0.00 0.00 0.68 0.010 0.13 0.58 0.00 0.00 0.29
2013 0.003 0.00 0.00 0.00 0.00 1.00 0.007 0.27 0.00 0.00 0.22 0.52 0.018 0.09 0.00 0.72 0.00 0.18 0.006 0.34 0.00 0.00 0.00 0.66 0.011 0.15 0.57 0.00 0.00 0.28
2014 0.003 0.00 0.00 0.00 0.00 1.00 0.008 0.28 0.00 0.00 0.21 0.51 0.018 0.10 0.00 0.71 0.00 0.18 0.006 0.36 0.00 0.00 0.00 0.64 0.011 0.16 0.56 0.00 0.00 0.28
2015 0.003 0.00 0.00 0.00 0.00 1.00 0.008 0.29 0.00 0.00 0.21 0.50 0.019 0.11 0.00 0.71 0.00 0.18 0.007 0.37 0.00 0.00 0.00 0.63 0.012 0.17 0.55 0.00 0.00 0.28
2016 0.004 0.00 0.00 0.00 0.00 1.00 0.009 0.31 0.00 0.00 0.20 0.49 0.019 0.12 0.00 0.70 0.00 0.19 0.007 0.38 0.00 0.00 0.00 0.62 0.013 0.18 0.54 0.00 0.00 0.28
2017 0.004 0.00 0.00 0.00 0.00 1.00 0.009 0.32 0.00 0.00 0.20 0.49 0.020 0.12 0.00 0.69 0.00 0.19 0.008 0.39 0.00 0.00 0.00 0.61 0.013 0.18 0.53 0.00 0.00 0.28
2018 0.004 0.00 0.00 0.00 0.00 1.00 0.010 0.32 0.00 0.00 0.20 0.48 0.020 0.13 0.00 0.68 0.00 0.19 0.008 0.40 0.00 0.00 0.00 0.60 0.014 0.19 0.52 0.00 0.00 0.29
2019 0.004 0.00 0.00 0.00 0.00 1.00 0.010 0.33 0.00 0.00 0.19 0.48 0.020 0.13 0.00 0.68 0.00 0.19 0.008 0.41 0.00 0.00 0.00 0.59 0.014 0.20 0.51 0.00 0.00 0.29
2020 0.005 0.00 0.00 0.00 0.00 1.00 0.010 0.33 0.00 0.00 0.19 0.47 0.021 0.14 0.00 0.67 0.00 0.19 0.009 0.41 0.00 0.00 0.00 0.59 0.015 0.20 0.51 0.00 0.00 0.29
2021 0.005 0.00 0.00 0.00 0.00 1.00 0.011 0.34 0.00 0.00 0.19 0.47 0.021 0.14 0.00 0.66 0.00 0.20 0.009 0.42 0.00 0.00 0.00 0.58 0.015 0.21 0.50 0.00 0.00 0.29
2022 0.005 0.00 0.00 0.00 0.00 1.00 0.012 0.34 0.00 0.00 0.19 0.47 0.021 0.15 0.00 0.65 0.00 0.20 0.010 0.42 0.00 0.00 0.00 0.58 0.016 0.21 0.49 0.00 0.00 0.29
2023 0.006 0.00 0.00 0.00 0.00 1.00 0.012 0.34 0.00 0.00 0.19 0.47 0.022 0.15 0.00 0.64 0.00 0.21 0.010 0.42 0.00 0.00 0.00 0.58 0.017 0.22 0.49 0.00 0.00 0.30
2024 0.006 0.00 0.00 0.00 0.00 1.00 0.013 0.34 0.00 0.00 0.19 0.47 0.022 0.15 0.00 0.64 0.00 0.21 0.010 0.42 0.00 0.00 0.00 0.58 0.017 0.22 0.48 0.00 0.00 0.30
2025 0.006 0.00 0.00 0.00 0.00 1.00 0.013 0.34 0.00 0.00 0.19 0.47 0.022 0.16 0.00 0.63 0.00 0.21 0.011 0.42 0.00 0.00 0.00 0.58 0.018 0.22 0.48 0.00 0.00 0.30
2026 0.007 0.00 0.00 0.00 0.00 1.00 0.014 0.34 0.00 0.00 0.19 0.47 0.023 0.16 0.00 0.62 0.00 0.22 0.011 0.42 0.00 0.00 0.00 0.58 0.019 0.22 0.47 0.00 0.00 0.31
2027 0.007 0.00 0.00 0.00 0.00 1.00 0.014 0.34 0.00 0.00 0.18 0.47 0.023 0.16 0.00 0.61 0.00 0.23 0.012 0.42 0.00 0.00 0.00 0.58 0.019 0.22 0.46 0.00 0.00 0.31
2028 0.008 0.00 0.00 0.00 0.00 1.00 0.015 0.34 0.00 0.00 0.18 0.48 0.023 0.16 0.00 0.60 0.00 0.23 0.012 0.41 0.00 0.00 0.00 0.59 0.020 0.22 0.46 0.00 0.00 0.32
2029 0.008 0.00 0.00 0.00 0.00 1.00 0.016 0.34 0.00 0.00 0.18 0.48 0.023 0.17 0.00 0.59 0.00 0.24 0.013 0.41 0.00 0.00 0.00 0.59 0.021 0.22 0.45 0.00 0.00 0.32
2030 0.009 0.00 0.00 0.00 0.00 1.00 0.016 0.33 0.00 0.00 0.18 0.48 0.023 0.17 0.00 0.59 0.00 0.25 0.013 0.41 0.00 0.00 0.00 0.59 0.022 0.22 0.45 0.00 0.00 0.33
2031 0.009 0.00 0.00 0.00 0.00 1.00 0.017 0.33 0.00 0.00 0.18 0.49 0.022 0.17 0.00 0.58 0.00 0.25 0.014 0.40 0.00 0.00 0.00 0.60 0.022 0.22 0.44 0.00 0.00 0.33
2032 0.010 0.00 0.00 0.00 0.00 1.00 0.018 0.32 0.00 0.00 0.18 0.49 0.022 0.17 0.00 0.57 0.00 0.26 0.014 0.40 0.00 0.00 0.00 0.60 0.023 0.22 0.44 0.00 0.00 0.34
2033 0.010 0.00 0.00 0.00 0.00 1.00 0.018 0.32 0.00 0.00 0.19 0.50 0.022 0.17 0.00 0.56 0.00 0.27 0.015 0.39 0.00 0.00 0.00 0.61 0.024 0.22 0.44 0.00 0.00 0.34
2034 0.011 0.00 0.00 0.00 0.00 1.00 0.019 0.31 0.00 0.00 0.19 0.50 0.022 0.17 0.00 0.55 0.00 0.28 0.015 0.39 0.00 0.00 0.00 0.61 0.025 0.22 0.43 0.00 0.00 0.35
2035 0.012 0.00 0.00 0.00 0.00 1.00 0.020 0.31 0.00 0.00 0.19 0.51 0.023 0.18 0.00 0.54 0.00 0.29 0.016 0.38 0.00 0.00 0.00 0.62 0.025 0.22 0.43 0.00 0.00 0.36
2036 0.012 0.00 0.00 0.00 0.00 1.00 0.021 0.30 0.00 0.00 0.19 0.51 0.023 0.18 0.00 0.53 0.00 0.30 0.017 0.37 0.00 0.00 0.00 0.63 0.026 0.21 0.42 0.00 0.00 0.36
2037 0.013 0.00 0.00 0.00 0.00 1.00 0.021 0.30 0.00 0.00 0.19 0.52 0.023 0.18 0.00 0.52 0.00 0.31 0.017 0.37 0.00 0.00 0.00 0.63 0.027 0.21 0.42 0.00 0.00 0.37
2038 0.014 0.00 0.00 0.00 0.00 1.00 0.022 0.29 0.00 0.00 0.19 0.52 0.023 0.18 0.00 0.51 0.00 0.31 0.018 0.36 0.00 0.00 0.00 0.64 0.028 0.21 0.42 0.00 0.00 0.37
2039 0.015 0.00 0.00 0.00 0.00 1.00 0.023 0.28 0.00 0.00 0.19 0.53 0.024 0.18 0.00 0.50 0.00 0.32 0.018 0.35 0.00 0.00 0.00 0.65 0.029 0.21 0.41 0.00 0.00 0.38
2040 0.016 0.00 0.00 0.00 0.00 1.00 0.024 0.28 0.00 0.00 0.19 0.53 0.024 0.18 0.00 0.49 0.00 0.33 0.019 0.34 0.00 0.00 0.00 0.66 0.030 0.20 0.41 0.00 0.00 0.39
2041 0.016 0.00 0.00 0.00 0.00 1.00 0.025 0.27 0.00 0.00 0.19 0.54 0.024 0.17 0.00 0.48 0.00 0.34 0.020 0.34 0.00 0.00 0.00 0.66 0.031 0.20 0.41 0.00 0.00 0.39
2042 0.017 0.00 0.00 0.00 0.00 1.00 0.026 0.27 0.00 0.00 0.19 0.54 0.025 0.17 0.00 0.47 0.00 0.36 0.021 0.33 0.00 0.00 0.00 0.67 0.032 0.20 0.40 0.00 0.00 0.40
2043 0.018 0.00 0.00 0.00 0.00 1.00 0.027 0.26 0.00 0.00 0.19 0.55 0.025 0.17 0.00 0.46 0.00 0.37 0.021 0.32 0.00 0.00 0.00 0.68 0.033 0.19 0.40 0.00 0.00 0.41
2044 0.019 0.00 0.00 0.00 0.00 1.00 0.028 0.25 0.00 0.00 0.19 0.55 0.026 0.17 0.00 0.45 0.00 0.38 0.022 0.31 0.00 0.00 0.00 0.69 0.034 0.19 0.40 0.00 0.00 0.42
2045 0.020 0.00 0.00 0.00 0.00 1.00 0.029 0.24 0.00 0.00 0.19 0.56 0.026 0.17 0.00 0.44 0.00 0.39 0.023 0.30 0.00 0.00 0.00 0.70 0.036 0.18 0.39 0.00 0.00 0.42
2046 0.022 0.00 0.00 0.00 0.00 1.00 0.030 0.24 0.00 0.00 0.20 0.57 0.027 0.17 0.00 0.43 0.00 0.40 0.024 0.30 0.00 0.00 0.00 0.70 0.037 0.18 0.39 0.00 0.00 0.43
2047 0.023 0.00 0.00 0.00 0.00 1.00 0.032 0.23 0.00 0.00 0.20 0.57 0.027 0.17 0.00 0.42 0.00 0.41 0.025 0.29 0.00 0.00 0.00 0.71 0.038 0.18 0.39 0.00 0.00 0.44
2048 0.024 0.00 0.00 0.00 0.00 1.00 0.033 0.22 0.00 0.00 0.20 0.58 0.028 0.16 0.00 0.41 0.00 0.42 0.026 0.28 0.00 0.00 0.00 0.72 0.040 0.17 0.38 0.00 0.00 0.44
2049 0.026 0.00 0.00 0.00 0.00 1.00 0.035 0.22 0.00 0.00 0.20 0.58 0.029 0.16 0.00 0.41 0.00 0.43 0.027 0.27 0.00 0.00 0.00 0.73 0.041 0.17 0.38 0.00 0.00 0.45
2050 0.027 0.00 0.00 0.00 0.00 1.00 0.036 0.21 0.00 0.00 0.20 0.59 0.029 0.16 0.00 0.40 0.00 0.44 0.029 0.26 0.00 0.00 0.00 0.74 0.043 0.16 0.38 0.00 0.00 0.46
2051 0.029 0.00 0.00 0.00 0.00 1.00 0.038 0.20 0.00 0.00 0.20 0.59 0.030 0.16 0.00 0.39 0.00 0.46 0.030 0.25 0.00 0.00 0.00 0.75 0.045 0.16 0.38 0.00 0.00 0.46
2052 0.031 0.00 0.00 0.00 0.00 1.00 0.040 0.20 0.00 0.00 0.20 0.60 0.032 0.15 0.00 0.38 0.00 0.47 0.032 0.25 0.00 0.00 0.00 0.75 0.047 0.15 0.37 0.00 0.00 0.47
2053 0.032 0.00 0.00 0.00 0.00 1.00 0.042 0.19 0.00 0.00 0.20 0.61 0.033 0.15 0.00 0.37 0.00 0.48 0.033 0.24 0.00 0.00 0.00 0.76 0.049 0.15 0.37 0.00 0.00 0.48
2054 0.035 0.00 0.00 0.00 0.00 1.00 0.044 0.18 0.00 0.00 0.21 0.61 0.034 0.15 0.00 0.36 0.00 0.49 0.035 0.23 0.00 0.00 0.00 0.77 0.051 0.15 0.37 0.00 0.00 0.49
2055 0.037 0.00 0.00 0.00 0.00 1.00 0.046 0.18 0.00 0.00 0.21 0.62 0.036 0.14 0.00 0.35 0.00 0.51 0.037 0.22 0.00 0.00 0.00 0.78 0.054 0.14 0.37 0.00 0.00 0.49
2056 0.039 0.00 0.00 0.00 0.00 1.00 0.049 0.17 0.00 0.00 0.21 0.62 0.037 0.14 0.00 0.34 0.00 0.52 0.039 0.21 0.00 0.00 0.00 0.79 0.056 0.14 0.36 0.00 0.00 0.50
2057 0.042 0.00 0.00 0.00 0.00 1.00 0.052 0.16 0.00 0.00 0.21 0.63 0.039 0.14 0.00 0.33 0.00 0.53 0.041 0.21 0.00 0.00 0.00 0.79 0.059 0.13 0.36 0.00 0.00 0.51
2058 0.045 0.00 0.00 0.00 0.00 1.00 0.055 0.16 0.00 0.00 0.21 0.63 0.041 0.13 0.00 0.32 0.00 0.54 0.044 0.20 0.00 0.00 0.00 0.80 0.062 0.13 0.36 0.00 0.00 0.51
2059 0.048 0.00 0.00 0.00 0.00 1.00 0.058 0.15 0.00 0.00 0.21 0.64 0.044 0.13 0.00 0.31 0.00 0.56 0.047 0.19 0.00 0.00 0.00 0.81 0.066 0.12 0.36 0.00 0.00 0.52
2060 0.052 0.00 0.00 0.00 0.00 1.00 0.062 0.14 0.00 0.00 0.21 0.64 0.047 0.13 0.00 0.31 0.00 0.57 0.050 0.18 0.00 0.00 0.00 0.82 0.070 0.12 0.35 0.00 0.00 0.53

Branch Probability Hazard 
Rate h(t)

Branch Probability Hazard 
Rate h(t)

Dashields L&D

Year
Land Wall - Post Stem, Anch, Valve Recss and Gallery Repair Land Wall - Post Anchorage & Valve Recess Repair Land Wall - Post Anchorage and Gallery Repair

Hazard 
Rate h(t)

Branch Probability Hazard 
Rate h(t)

Hazard 
Rate h(t)

Land  Wall - Post Anchorage, Valve Recess and Gallery Repair

EDM NIM Input Data-REV-2.xls DSH LW 6/1/2010



Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

p1(t) p2(t) p3(t) p4(t) p5(t)
2005 0.006 0.00 0.69 0.00 0.00 0.31
2006 0.006 0.00 0.69 0.00 0.00 0.31
2007 0.006 0.00 0.68 0.00 0.00 0.32
2008 0.006 0.00 0.68 0.00 0.00 0.32
2009 0.006 0.00 0.68 0.00 0.00 0.32
2010 0.007 0.00 0.68 0.00 0.00 0.32
2011 0.007 0.00 0.67 0.00 0.00 0.33
2012 0.007 0.00 0.67 0.00 0.00 0.33
2013 0.008 0.00 0.67 0.00 0.00 0.33
2014 0.008 0.00 0.66 0.00 0.00 0.34
2015 0.008 0.00 0.66 0.00 0.00 0.34
2016 0.009 0.00 0.66 0.00 0.00 0.34
2017 0.009 0.00 0.65 0.00 0.00 0.35
2018 0.010 0.00 0.65 0.00 0.00 0.35
2019 0.010 0.00 0.64 0.00 0.00 0.36
2020 0.011 0.00 0.64 0.00 0.00 0.36
2021 0.011 0.00 0.63 0.00 0.00 0.37
2022 0.012 0.00 0.63 0.00 0.00 0.37
2023 0.012 0.00 0.62 0.00 0.00 0.38
2024 0.013 0.00 0.62 0.00 0.00 0.38
2025 0.013 0.00 0.61 0.00 0.00 0.39
2026 0.014 0.00 0.60 0.00 0.00 0.40
2027 0.015 0.00 0.60 0.00 0.00 0.40
2028 0.015 0.00 0.59 0.00 0.00 0.41
2029 0.016 0.00 0.59 0.00 0.00 0.41
2030 0.017 0.00 0.58 0.00 0.00 0.42
2031 0.018 0.00 0.57 0.00 0.00 0.43
2032 0.019 0.00 0.57 0.00 0.00 0.43
2033 0.019 0.00 0.56 0.00 0.00 0.44
2034 0.020 0.00 0.55 0.00 0.00 0.45
2035 0.021 0.00 0.55 0.00 0.00 0.45
2036 0.022 0.00 0.54 0.00 0.00 0.46
2037 0.023 0.00 0.53 0.00 0.00 0.47
2038 0.024 0.00 0.53 0.00 0.00 0.47
2039 0.025 0.00 0.52 0.00 0.00 0.48
2040 0.026 0.00 0.51 0.00 0.00 0.49
2041 0.028 0.00 0.51 0.00 0.00 0.49
2042 0.029 0.00 0.50 0.00 0.00 0.50
2043 0.030 0.00 0.49 0.00 0.00 0.51
2044 0.032 0.00 0.49 0.00 0.00 0.51
2045 0.033 0.00 0.48 0.00 0.00 0.52
2046 0.035 0.00 0.48 0.00 0.00 0.52
2047 0.036 0.00 0.47 0.00 0.00 0.53
2048 0.038 0.00 0.46 0.00 0.00 0.54
2049 0.040 0.00 0.46 0.00 0.00 0.54
2050 0.042 0.00 0.45 0.00 0.00 0.55
2051 0.044 0.00 0.45 0.00 0.00 0.55
2052 0.046 0.00 0.44 0.00 0.00 0.56
2053 0.048 0.00 0.44 0.00 0.00 0.56
2054 0.051 0.00 0.43 0.00 0.00 0.57
2055 0.053 0.00 0.43 0.00 0.00 0.57
2056 0.056 0.00 0.42 0.00 0.00 0.58
2057 0.060 0.00 0.42 0.00 0.00 0.58
2058 0.063 0.00 0.41 0.00 0.00 0.59
2059 0.067 0.00 0.41 0.00 0.00 0.59
2060 0.071 0.00 0.40 0.00 0.00 0.60

Hazard 
Rate h(t)

Branch Probability

Dashields L&D

Year
Land Wall - Post Stem, Valve Recss and Gallery Repair
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Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

Middle Wall - Post Anch. and Valve Rec. Repair
Branch Probability

p1(t) p2(t) p3(t) p1(t) p2(t) p3(t) p1(t) p2(t) p3(t) p1(t) p2(t) p3(t)
2005 0.016 0.34 0.54 0.13 0.012 0.00 0.81 0.19 0.005 0.72 0.00 0.28 0.001 0.00 0.00 1.00
2006 0.016 0.33 0.55 0.12 0.012 0.00 0.81 0.19 0.005 0.72 0.00 0.28 0.001 0.00 0.00 1.00
2007 0.016 0.32 0.56 0.12 0.012 0.00 0.82 0.18 0.005 0.73 0.00 0.27 0.001 0.00 0.00 1.00
2008 0.017 0.31 0.57 0.12 0.013 0.00 0.83 0.17 0.005 0.73 0.00 0.27 0.001 0.00 0.00 1.00
2009 0.017 0.31 0.58 0.11 0.013 0.00 0.83 0.17 0.006 0.73 0.00 0.27 0.001 0.00 0.00 1.00
2010 0.017 0.31 0.58 0.11 0.013 0.00 0.84 0.16 0.006 0.73 0.00 0.27 0.001 0.00 0.00 1.00
2011 0.018 0.30 0.58 0.11 0.013 0.00 0.84 0.16 0.006 0.73 0.00 0.27 0.002 0.00 0.00 1.00
2012 0.018 0.30 0.59 0.11 0.014 0.00 0.84 0.16 0.006 0.73 0.00 0.27 0.002 0.00 0.00 1.00
2013 0.019 0.30 0.59 0.11 0.014 0.00 0.84 0.16 0.007 0.73 0.00 0.27 0.002 0.00 0.00 1.00
2014 0.019 0.30 0.59 0.11 0.014 0.00 0.84 0.16 0.007 0.73 0.00 0.27 0.002 0.00 0.00 1.00
2015 0.019 0.30 0.59 0.11 0.014 0.00 0.84 0.16 0.007 0.73 0.00 0.27 0.002 0.00 0.00 1.00
2016 0.020 0.30 0.59 0.11 0.015 0.00 0.84 0.16 0.008 0.72 0.00 0.28 0.002 0.00 0.00 1.00
2017 0.020 0.30 0.59 0.11 0.015 0.00 0.84 0.16 0.008 0.72 0.00 0.28 0.003 0.00 0.00 1.00
2018 0.021 0.30 0.59 0.12 0.015 0.00 0.83 0.17 0.009 0.72 0.00 0.28 0.003 0.00 0.00 1.00
2019 0.021 0.30 0.58 0.12 0.015 0.00 0.83 0.17 0.009 0.71 0.00 0.29 0.003 0.00 0.00 1.00
2020 0.021 0.30 0.58 0.12 0.015 0.00 0.83 0.17 0.009 0.71 0.00 0.29 0.003 0.00 0.00 1.00
2021 0.022 0.30 0.58 0.13 0.016 0.00 0.82 0.18 0.010 0.70 0.00 0.30 0.004 0.00 0.00 1.00
2022 0.022 0.30 0.57 0.13 0.016 0.00 0.82 0.18 0.010 0.70 0.00 0.30 0.004 0.00 0.00 1.00
2023 0.023 0.30 0.57 0.13 0.016 0.00 0.81 0.19 0.011 0.69 0.00 0.31 0.004 0.00 0.00 1.00
2024 0.023 0.30 0.56 0.14 0.016 0.00 0.81 0.19 0.011 0.69 0.00 0.31 0.005 0.00 0.00 1.00
2025 0.023 0.30 0.56 0.14 0.016 0.00 0.80 0.20 0.012 0.68 0.00 0.32 0.005 0.00 0.00 1.00
2026 0.024 0.30 0.55 0.15 0.016 0.00 0.79 0.21 0.013 0.67 0.00 0.33 0.005 0.00 0.00 1.00
2027 0.024 0.30 0.55 0.15 0.017 0.00 0.78 0.22 0.013 0.67 0.00 0.33 0.006 0.00 0.00 1.00
2028 0.025 0.30 0.54 0.16 0.017 0.00 0.78 0.22 0.014 0.66 0.00 0.34 0.006 0.00 0.00 1.00
2029 0.025 0.30 0.54 0.16 0.017 0.00 0.77 0.23 0.015 0.65 0.00 0.35 0.007 0.00 0.00 1.00
2030 0.025 0.30 0.53 0.17 0.017 0.00 0.76 0.24 0.015 0.65 0.00 0.35 0.007 0.00 0.00 1.00
2031 0.024 0.31 0.52 0.17 0.015 0.00 0.75 0.25 0.016 0.64 0.00 0.36 0.008 0.00 0.00 1.00
2032 0.024 0.31 0.51 0.18 0.016 0.00 0.74 0.26 0.017 0.63 0.00 0.37 0.008 0.00 0.00 1.00
2033 0.025 0.31 0.50 0.19 0.016 0.00 0.73 0.27 0.018 0.62 0.00 0.38 0.009 0.00 0.00 1.00
2034 0.025 0.31 0.50 0.19 0.016 0.00 0.72 0.28 0.018 0.62 0.00 0.38 0.009 0.00 0.00 1.00
2035 0.026 0.31 0.49 0.20 0.016 0.00 0.71 0.29 0.019 0.61 0.00 0.39 0.010 0.00 0.00 1.00
2036 0.026 0.31 0.48 0.21 0.017 0.00 0.70 0.30 0.020 0.60 0.00 0.40 0.010 0.00 0.00 1.00
2037 0.027 0.31 0.47 0.22 0.017 0.00 0.68 0.32 0.021 0.59 0.00 0.41 0.011 0.00 0.00 1.00
2038 0.028 0.32 0.46 0.22 0.017 0.00 0.67 0.33 0.022 0.59 0.00 0.41 0.012 0.00 0.00 1.00
2039 0.028 0.32 0.45 0.23 0.018 0.00 0.66 0.34 0.023 0.58 0.00 0.42 0.012 0.00 0.00 1.00
2040 0.029 0.32 0.44 0.24 0.018 0.00 0.65 0.35 0.024 0.57 0.00 0.43 0.013 0.00 0.00 1.00
2041 0.030 0.32 0.43 0.25 0.019 0.00 0.64 0.36 0.025 0.56 0.00 0.44 0.014 0.00 0.00 1.00
2042 0.031 0.32 0.42 0.26 0.019 0.00 0.62 0.38 0.027 0.56 0.00 0.44 0.015 0.00 0.00 1.00
2043 0.032 0.32 0.41 0.26 0.020 0.00 0.61 0.39 0.028 0.55 0.00 0.45 0.016 0.00 0.00 1.00
2044 0.032 0.32 0.41 0.27 0.020 0.00 0.60 0.40 0.029 0.54 0.00 0.46 0.017 0.00 0.00 1.00
2045 0.033 0.32 0.40 0.28 0.021 0.00 0.58 0.42 0.031 0.53 0.00 0.47 0.018 0.00 0.00 1.00
2046 0.034 0.32 0.39 0.29 0.022 0.00 0.57 0.43 0.032 0.53 0.00 0.47 0.019 0.00 0.00 1.00
2047 0.036 0.32 0.38 0.30 0.022 0.00 0.56 0.44 0.034 0.52 0.00 0.48 0.020 0.00 0.00 1.00
2048 0.037 0.32 0.37 0.31 0.023 0.00 0.54 0.46 0.035 0.51 0.00 0.49 0.022 0.00 0.00 1.00
2049 0.038 0.32 0.36 0.32 0.024 0.00 0.53 0.47 0.037 0.51 0.00 0.49 0.023 0.00 0.00 1.00
2050 0.040 0.33 0.35 0.33 0.025 0.00 0.52 0.48 0.039 0.50 0.00 0.50 0.024 0.00 0.00 1.00
2051 0.041 0.33 0.34 0.33 0.026 0.00 0.50 0.50 0.041 0.49 0.00 0.51 0.026 0.00 0.00 1.00
2052 0.043 0.33 0.33 0.34 0.028 0.00 0.49 0.51 0.043 0.49 0.00 0.51 0.028 0.00 0.00 1.00
2053 0.045 0.33 0.32 0.35 0.029 0.00 0.48 0.52 0.045 0.48 0.00 0.52 0.029 0.00 0.00 1.00
2054 0.047 0.33 0.31 0.36 0.031 0.00 0.46 0.54 0.048 0.47 0.00 0.53 0.031 0.00 0.00 1.00
2055 0.049 0.33 0.30 0.37 0.032 0.00 0.45 0.55 0.050 0.47 0.00 0.53 0.034 0.00 0.00 1.00
2056 0.052 0.33 0.30 0.38 0.034 0.00 0.44 0.56 0.053 0.46 0.00 0.54 0.036 0.00 0.00 1.00
2057 0.054 0.33 0.29 0.39 0.037 0.00 0.42 0.58 0.057 0.46 0.00 0.54 0.039 0.00 0.00 1.00
2058 0.057 0.33 0.28 0.40 0.039 0.00 0.41 0.59 0.060 0.45 0.00 0.55 0.042 0.00 0.00 1.00
2059 0.061 0.33 0.27 0.41 0.042 0.00 0.40 0.60 0.064 0.45 0.00 0.55 0.045 0.00 0.00 1.00
2060 0.065 0.33 0.26 0.41 0.045 0.00 0.39 0.61 0.068 0.44 0.00 0.56 0.049 0.00 0.00 1.00

Hazard Rate 
h(t) Hazard Rate h(t)

Middle Wall - Post Anchorage Repair Middle Wall - Post Valve Recess Repair
Dashields L&D

Middle Wall - Original Tree
Hazard 

Rate h(t)
Year

Hazard Rate h(t)
Branch Probability Branch Probability Branch Probability
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Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

Land  Wall - Post Valve Recess Repair Land  Wall - Post Gallery Face Repair
Branch Probability Branch Probability

p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t)
2005 0.017 0.02 0.17 0.61 0.08 0.12 0.016 0.00 0.18 0.62 0.08 0.12 0.013 0.02 0.00 0.73 0.10 0.15 0.010 0.04 0.44 0.00 0.21 0.31 0.017 0.02 0.19 0.66 0.00 0.13
2006 0.018 0.02 0.18 0.59 0.08 0.12 0.016 0.00 0.18 0.61 0.08 0.13 0.014 0.03 0.00 0.72 0.10 0.15 0.010 0.06 0.44 0.00 0.20 0.31 0.017 0.03 0.19 0.65 0.00 0.13
2007 0.018 0.03 0.18 0.58 0.08 0.13 0.016 0.00 0.19 0.60 0.08 0.13 0.014 0.04 0.00 0.71 0.10 0.15 0.011 0.07 0.44 0.00 0.19 0.30 0.018 0.03 0.20 0.63 0.00 0.14
2008 0.019 0.04 0.19 0.57 0.08 0.13 0.016 0.00 0.19 0.59 0.08 0.13 0.014 0.04 0.00 0.70 0.09 0.16 0.011 0.08 0.43 0.00 0.18 0.30 0.018 0.04 0.20 0.62 0.00 0.14
2009 0.019 0.04 0.19 0.56 0.08 0.13 0.017 0.00 0.20 0.59 0.08 0.14 0.014 0.05 0.00 0.69 0.09 0.16 0.012 0.10 0.43 0.00 0.17 0.30 0.019 0.05 0.21 0.61 0.00 0.14
2010 0.020 0.05 0.19 0.55 0.07 0.13 0.017 0.00 0.20 0.58 0.08 0.14 0.015 0.06 0.00 0.68 0.09 0.16 0.012 0.11 0.43 0.00 0.17 0.29 0.019 0.05 0.21 0.60 0.00 0.14
2011 0.020 0.05 0.20 0.54 0.07 0.13 0.017 0.00 0.21 0.57 0.08 0.14 0.015 0.07 0.00 0.68 0.09 0.17 0.013 0.12 0.43 0.00 0.16 0.29 0.019 0.06 0.21 0.58 0.00 0.14
2012 0.021 0.06 0.20 0.53 0.07 0.14 0.018 0.00 0.21 0.57 0.08 0.14 0.015 0.07 0.00 0.67 0.09 0.17 0.013 0.13 0.43 0.00 0.15 0.29 0.020 0.06 0.22 0.57 0.00 0.15
2013 0.021 0.06 0.20 0.52 0.07 0.14 0.018 0.00 0.22 0.56 0.08 0.15 0.016 0.08 0.00 0.66 0.09 0.17 0.014 0.14 0.43 0.00 0.15 0.29 0.020 0.07 0.22 0.56 0.00 0.15
2014 0.022 0.07 0.21 0.51 0.07 0.14 0.019 0.00 0.22 0.55 0.08 0.15 0.016 0.09 0.00 0.65 0.09 0.18 0.014 0.14 0.42 0.00 0.15 0.29 0.021 0.08 0.22 0.55 0.00 0.15
2015 0.023 0.07 0.21 0.50 0.07 0.14 0.019 0.00 0.23 0.54 0.08 0.15 0.017 0.09 0.00 0.64 0.09 0.18 0.015 0.15 0.42 0.00 0.14 0.29 0.021 0.08 0.23 0.54 0.00 0.15
2016 0.023 0.08 0.21 0.50 0.07 0.14 0.019 0.00 0.23 0.54 0.08 0.16 0.017 0.10 0.00 0.63 0.09 0.18 0.015 0.16 0.42 0.00 0.14 0.29 0.022 0.08 0.23 0.53 0.00 0.15
2017 0.024 0.08 0.22 0.49 0.07 0.15 0.020 0.00 0.23 0.53 0.08 0.16 0.017 0.11 0.00 0.62 0.09 0.19 0.016 0.16 0.42 0.00 0.13 0.29 0.022 0.09 0.23 0.52 0.00 0.16
2018 0.024 0.09 0.22 0.48 0.07 0.15 0.021 0.00 0.24 0.52 0.08 0.16 0.018 0.11 0.00 0.61 0.09 0.19 0.017 0.17 0.42 0.00 0.13 0.29 0.023 0.09 0.23 0.51 0.00 0.16
2019 0.025 0.09 0.22 0.47 0.07 0.15 0.021 0.00 0.24 0.52 0.08 0.17 0.018 0.12 0.00 0.60 0.09 0.20 0.017 0.17 0.41 0.00 0.13 0.29 0.024 0.10 0.24 0.50 0.00 0.16
2020 0.026 0.09 0.22 0.46 0.07 0.16 0.022 0.00 0.25 0.51 0.08 0.17 0.019 0.12 0.00 0.59 0.09 0.20 0.018 0.17 0.41 0.00 0.13 0.29 0.024 0.10 0.24 0.49 0.00 0.17
2021 0.026 0.10 0.22 0.45 0.07 0.16 0.022 0.00 0.25 0.50 0.08 0.18 0.019 0.12 0.00 0.58 0.09 0.20 0.019 0.17 0.41 0.00 0.13 0.29 0.025 0.10 0.24 0.49 0.00 0.17
2022 0.027 0.10 0.23 0.44 0.07 0.16 0.023 0.00 0.25 0.49 0.08 0.18 0.019 0.13 0.00 0.57 0.09 0.21 0.019 0.18 0.41 0.00 0.12 0.29 0.025 0.11 0.24 0.48 0.00 0.17
2023 0.028 0.10 0.23 0.44 0.07 0.17 0.024 0.00 0.25 0.48 0.08 0.18 0.020 0.13 0.00 0.57 0.09 0.21 0.020 0.18 0.41 0.00 0.12 0.29 0.026 0.11 0.25 0.47 0.00 0.18
2024 0.028 0.10 0.23 0.43 0.07 0.17 0.024 0.00 0.26 0.48 0.08 0.19 0.020 0.13 0.00 0.56 0.09 0.22 0.021 0.18 0.40 0.00 0.12 0.30 0.026 0.11 0.25 0.46 0.00 0.18
2025 0.029 0.10 0.23 0.42 0.07 0.17 0.025 0.00 0.26 0.47 0.08 0.19 0.021 0.14 0.00 0.55 0.09 0.23 0.022 0.18 0.40 0.00 0.12 0.30 0.027 0.11 0.25 0.45 0.00 0.19
2026 0.030 0.11 0.23 0.41 0.07 0.18 0.026 0.00 0.26 0.46 0.08 0.20 0.021 0.14 0.00 0.54 0.09 0.23 0.022 0.18 0.40 0.00 0.12 0.30 0.027 0.11 0.25 0.44 0.00 0.19
2027 0.030 0.11 0.24 0.41 0.07 0.18 0.027 0.00 0.26 0.45 0.08 0.20 0.022 0.14 0.00 0.53 0.09 0.24 0.023 0.18 0.40 0.00 0.12 0.31 0.028 0.11 0.25 0.44 0.00 0.20
2028 0.031 0.11 0.24 0.40 0.07 0.19 0.027 0.00 0.27 0.45 0.08 0.21 0.022 0.14 0.00 0.52 0.09 0.24 0.024 0.18 0.39 0.00 0.12 0.31 0.029 0.12 0.26 0.43 0.00 0.20
2029 0.032 0.11 0.24 0.39 0.07 0.19 0.028 0.00 0.27 0.44 0.08 0.21 0.023 0.14 0.00 0.51 0.09 0.25 0.025 0.18 0.39 0.00 0.12 0.31 0.029 0.12 0.26 0.42 0.00 0.21
2030 0.033 0.11 0.24 0.38 0.07 0.20 0.029 0.00 0.27 0.43 0.08 0.22 0.023 0.14 0.00 0.51 0.10 0.26 0.026 0.18 0.39 0.00 0.12 0.32 0.030 0.12 0.26 0.41 0.00 0.21
2031 0.033 0.11 0.24 0.38 0.07 0.20 0.030 0.00 0.27 0.42 0.08 0.22 0.024 0.14 0.00 0.50 0.10 0.26 0.026 0.17 0.39 0.00 0.12 0.32 0.031 0.12 0.26 0.41 0.00 0.22
2032 0.034 0.11 0.24 0.37 0.07 0.21 0.031 0.00 0.27 0.41 0.08 0.23 0.024 0.14 0.00 0.49 0.10 0.27 0.027 0.17 0.39 0.00 0.12 0.33 0.031 0.12 0.26 0.40 0.00 0.22
2033 0.035 0.11 0.24 0.36 0.07 0.21 0.032 0.00 0.27 0.41 0.08 0.24 0.025 0.14 0.00 0.48 0.10 0.28 0.028 0.17 0.38 0.00 0.12 0.33 0.032 0.12 0.26 0.39 0.00 0.23
2034 0.036 0.11 0.25 0.36 0.08 0.22 0.033 0.00 0.27 0.40 0.08 0.24 0.025 0.14 0.00 0.47 0.10 0.29 0.029 0.17 0.38 0.00 0.12 0.33 0.033 0.12 0.27 0.39 0.00 0.23
2035 0.037 0.11 0.25 0.35 0.08 0.22 0.034 0.00 0.28 0.39 0.09 0.25 0.026 0.14 0.00 0.46 0.10 0.29 0.030 0.16 0.38 0.00 0.12 0.34 0.033 0.12 0.27 0.38 0.00 0.24
2036 0.037 0.11 0.25 0.34 0.08 0.23 0.035 0.00 0.28 0.38 0.09 0.25 0.026 0.14 0.00 0.46 0.10 0.30 0.031 0.16 0.38 0.00 0.12 0.34 0.034 0.11 0.27 0.37 0.00 0.24
2037 0.038 0.10 0.25 0.34 0.08 0.23 0.036 0.00 0.28 0.38 0.09 0.26 0.027 0.14 0.00 0.45 0.10 0.31 0.032 0.16 0.37 0.00 0.12 0.35 0.035 0.11 0.27 0.37 0.00 0.25
2038 0.039 0.10 0.25 0.33 0.08 0.24 0.037 0.00 0.28 0.37 0.09 0.26 0.028 0.14 0.00 0.44 0.11 0.32 0.033 0.15 0.37 0.00 0.12 0.35 0.035 0.11 0.27 0.36 0.00 0.26
2039 0.040 0.10 0.25 0.33 0.08 0.24 0.038 0.00 0.28 0.36 0.09 0.27 0.028 0.14 0.00 0.43 0.11 0.32 0.034 0.15 0.37 0.00 0.12 0.36 0.036 0.11 0.27 0.35 0.00 0.26
2040 0.041 0.10 0.25 0.32 0.08 0.25 0.039 0.00 0.28 0.36 0.09 0.28 0.029 0.13 0.00 0.43 0.11 0.33 0.035 0.15 0.37 0.00 0.12 0.36 0.037 0.11 0.27 0.35 0.00 0.27
2041 0.042 0.10 0.25 0.31 0.08 0.25 0.041 0.00 0.28 0.35 0.09 0.28 0.029 0.13 0.00 0.42 0.11 0.34 0.036 0.14 0.37 0.00 0.12 0.37 0.038 0.11 0.27 0.34 0.00 0.28
2042 0.043 0.10 0.25 0.31 0.08 0.26 0.042 0.00 0.28 0.34 0.09 0.29 0.030 0.13 0.00 0.41 0.11 0.35 0.037 0.14 0.36 0.00 0.12 0.37 0.038 0.11 0.28 0.34 0.00 0.28
2043 0.044 0.09 0.25 0.30 0.09 0.26 0.043 0.00 0.28 0.33 0.09 0.29 0.031 0.13 0.00 0.41 0.11 0.35 0.038 0.14 0.36 0.00 0.12 0.38 0.039 0.10 0.28 0.33 0.00 0.29
2044 0.045 0.09 0.25 0.30 0.09 0.27 0.045 0.00 0.28 0.33 0.10 0.30 0.032 0.12 0.00 0.40 0.12 0.36 0.039 0.13 0.36 0.00 0.12 0.38 0.040 0.10 0.28 0.33 0.00 0.30
2045 0.046 0.09 0.25 0.29 0.09 0.28 0.046 0.00 0.28 0.32 0.10 0.30 0.032 0.12 0.00 0.39 0.12 0.37 0.041 0.13 0.36 0.00 0.12 0.39 0.041 0.10 0.28 0.32 0.00 0.30
2046 0.047 0.09 0.25 0.29 0.09 0.28 0.047 0.00 0.28 0.31 0.10 0.31 0.033 0.12 0.00 0.38 0.12 0.38 0.042 0.12 0.36 0.00 0.13 0.40 0.042 0.10 0.28 0.32 0.00 0.31
2047 0.049 0.08 0.25 0.28 0.09 0.29 0.049 0.00 0.28 0.31 0.10 0.31 0.034 0.11 0.00 0.38 0.12 0.39 0.043 0.12 0.35 0.00 0.13 0.40 0.043 0.09 0.28 0.31 0.00 0.32
2048 0.050 0.08 0.26 0.28 0.09 0.29 0.051 0.00 0.28 0.30 0.10 0.32 0.035 0.11 0.00 0.37 0.12 0.39 0.045 0.11 0.35 0.00 0.13 0.41 0.044 0.09 0.28 0.31 0.00 0.32
2049 0.051 0.08 0.26 0.27 0.09 0.30 0.052 0.00 0.28 0.30 0.10 0.32 0.036 0.11 0.00 0.37 0.13 0.40 0.046 0.11 0.35 0.00 0.13 0.41 0.045 0.09 0.28 0.30 0.00 0.33
2050 0.052 0.08 0.26 0.27 0.10 0.30 0.054 0.00 0.28 0.29 0.10 0.33 0.037 0.10 0.00 0.36 0.13 0.41 0.048 0.10 0.35 0.00 0.13 0.42 0.046 0.08 0.28 0.30 0.00 0.34
2051 0.054 0.07 0.26 0.26 0.10 0.31 0.056 0.00 0.28 0.28 0.11 0.33 0.038 0.10 0.00 0.35 0.13 0.42 0.049 0.10 0.35 0.00 0.13 0.42 0.047 0.08 0.28 0.29 0.00 0.34
2052 0.055 0.07 0.26 0.26 0.10 0.32 0.058 0.00 0.28 0.28 0.11 0.34 0.039 0.09 0.00 0.35 0.13 0.43 0.051 0.09 0.35 0.00 0.13 0.43 0.048 0.08 0.29 0.29 0.00 0.35
2053 0.057 0.07 0.26 0.25 0.10 0.32 0.059 0.00 0.28 0.27 0.11 0.34 0.040 0.09 0.00 0.34 0.14 0.43 0.052 0.09 0.34 0.00 0.14 0.43 0.049 0.07 0.29 0.28 0.00 0.36
2054 0.058 0.06 0.26 0.25 0.10 0.33 0.061 0.00 0.27 0.27 0.11 0.35 0.041 0.09 0.00 0.34 0.14 0.44 0.054 0.08 0.34 0.00 0.14 0.44 0.051 0.07 0.29 0.28 0.00 0.36
2055 0.060 0.06 0.26 0.24 0.10 0.33 0.064 0.00 0.27 0.26 0.11 0.35 0.042 0.08 0.00 0.33 0.14 0.45 0.056 0.08 0.34 0.00 0.14 0.44 0.052 0.07 0.29 0.27 0.00 0.37
2056 0.062 0.06 0.26 0.24 0.11 0.34 0.066 0.00 0.27 0.25 0.11 0.36 0.044 0.08 0.00 0.32 0.14 0.46 0.058 0.07 0.34 0.00 0.14 0.45 0.054 0.06 0.29 0.27 0.00 0.38
2057 0.064 0.05 0.26 0.24 0.11 0.34 0.068 0.00 0.27 0.25 0.11 0.36 0.045 0.07 0.00 0.32 0.15 0.46 0.060 0.07 0.34 0.00 0.14 0.45 0.055 0.06 0.29 0.27 0.00 0.39
2058 0.066 0.05 0.26 0.23 0.11 0.35 0.071 0.00 0.27 0.24 0.12 0.37 0.047 0.07 0.00 0.31 0.15 0.47 0.062 0.06 0.34 0.00 0.14 0.46 0.057 0.06 0.29 0.26 0.00 0.39
2059 0.068 0.05 0.26 0.23 0.11 0.35 0.073 0.00 0.27 0.24 0.12 0.37 0.049 0.06 0.00 0.31 0.15 0.48 0.065 0.06 0.34 0.00 0.15 0.46 0.059 0.05 0.29 0.26 0.00 0.40
2060 0.071 0.04 0.26 0.22 0.11 0.36 0.076 0.00 0.27 0.23 0.12 0.38 0.051 0.06 0.00 0.30 0.15 0.49 0.067 0.05 0.33 0.00 0.15 0.46 0.061 0.05 0.29 0.25 0.00 0.41

Year Hazard 
Rate h(t)

Branch Probability Branch Probability Branch ProbabilityHazard 
Rate h(t)

Hazard 
Rate h(t)

Land Wall - Post Stem Repair Land Wall - Post Anchorage RepairLand Wall - Original Tree
Hazard 

Rate h(t)

Montgomery L&D

Hazard 
Rate h(t)

EDM NIM Input Data-REV-2.xls MNT LW 6/1/2010



Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

Land  Wall - Post Stem, Anchorage & Valve Recess Repair Land  Wall - Post Stem, Anchorage & Gallery Repair
Branch Probability Branch Probability

p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t)
2005 0.011 0.00 0.00 0.75 0.10 0.15 0.008 0.00 0.46 0.00 0.22 0.32 0.015 0.00 0.19 0.67 0.00 0.13 0.004 0.00 0.00 0.00 0.40 0.60 0.011 0.00 0.00 0.83 0.00 0.17
2006 0.011 0.00 0.00 0.74 0.10 0.16 0.008 0.00 0.47 0.00 0.21 0.32 0.015 0.00 0.20 0.66 0.00 0.14 0.004 0.00 0.00 0.00 0.39 0.61 0.011 0.00 0.00 0.83 0.00 0.17
2007 0.011 0.00 0.00 0.74 0.10 0.16 0.008 0.00 0.47 0.00 0.20 0.33 0.015 0.00 0.20 0.65 0.00 0.14 0.004 0.00 0.00 0.00 0.38 0.62 0.011 0.00 0.00 0.82 0.00 0.18
2008 0.012 0.00 0.00 0.74 0.10 0.16 0.008 0.00 0.48 0.00 0.20 0.33 0.015 0.00 0.21 0.65 0.00 0.14 0.004 0.00 0.00 0.00 0.37 0.63 0.011 0.00 0.00 0.82 0.00 0.18
2009 0.012 0.00 0.00 0.73 0.10 0.17 0.009 0.00 0.48 0.00 0.19 0.33 0.016 0.00 0.22 0.64 0.00 0.15 0.004 0.00 0.00 0.00 0.37 0.63 0.011 0.00 0.00 0.81 0.00 0.19
2010 0.012 0.00 0.00 0.73 0.10 0.17 0.009 0.00 0.48 0.00 0.19 0.33 0.016 0.00 0.22 0.63 0.00 0.15 0.004 0.00 0.00 0.00 0.36 0.64 0.011 0.00 0.00 0.81 0.00 0.19
2011 0.012 0.00 0.00 0.72 0.10 0.18 0.009 0.00 0.49 0.00 0.18 0.33 0.016 0.00 0.23 0.62 0.00 0.15 0.004 0.00 0.00 0.00 0.35 0.65 0.011 0.00 0.00 0.80 0.00 0.20
2012 0.012 0.00 0.00 0.72 0.10 0.18 0.010 0.00 0.49 0.00 0.18 0.33 0.017 0.00 0.23 0.61 0.00 0.16 0.004 0.00 0.00 0.00 0.35 0.65 0.011 0.00 0.00 0.80 0.00 0.20
2013 0.012 0.00 0.00 0.71 0.10 0.19 0.010 0.00 0.49 0.00 0.17 0.33 0.017 0.00 0.24 0.61 0.00 0.16 0.005 0.00 0.00 0.00 0.34 0.66 0.011 0.00 0.00 0.79 0.00 0.21
2014 0.013 0.00 0.00 0.71 0.10 0.19 0.011 0.00 0.50 0.00 0.17 0.33 0.017 0.00 0.24 0.60 0.00 0.16 0.005 0.00 0.00 0.00 0.34 0.66 0.012 0.00 0.00 0.79 0.00 0.21
2015 0.013 0.00 0.00 0.70 0.10 0.20 0.011 0.00 0.50 0.00 0.17 0.34 0.018 0.00 0.25 0.59 0.00 0.17 0.005 0.00 0.00 0.00 0.33 0.67 0.012 0.00 0.00 0.78 0.00 0.22
2016 0.013 0.00 0.00 0.70 0.10 0.20 0.012 0.00 0.50 0.00 0.16 0.34 0.018 0.00 0.25 0.58 0.00 0.17 0.005 0.00 0.00 0.00 0.33 0.67 0.012 0.00 0.00 0.77 0.00 0.23
2017 0.014 0.00 0.00 0.69 0.10 0.21 0.012 0.00 0.50 0.00 0.16 0.34 0.019 0.00 0.25 0.57 0.00 0.17 0.006 0.00 0.00 0.00 0.32 0.68 0.012 0.00 0.00 0.77 0.00 0.23
2018 0.014 0.00 0.00 0.69 0.10 0.21 0.013 0.00 0.50 0.00 0.16 0.34 0.019 0.00 0.26 0.57 0.00 0.18 0.006 0.00 0.00 0.00 0.32 0.68 0.012 0.00 0.00 0.76 0.00 0.24
2019 0.014 0.00 0.00 0.68 0.10 0.22 0.013 0.00 0.50 0.00 0.16 0.34 0.020 0.00 0.26 0.56 0.00 0.18 0.007 0.00 0.00 0.00 0.31 0.69 0.013 0.00 0.00 0.76 0.00 0.24
2020 0.015 0.00 0.00 0.67 0.10 0.23 0.014 0.00 0.50 0.00 0.15 0.35 0.020 0.00 0.27 0.55 0.00 0.19 0.007 0.00 0.00 0.00 0.31 0.69 0.013 0.00 0.00 0.75 0.00 0.25
2021 0.015 0.00 0.00 0.67 0.10 0.23 0.015 0.00 0.50 0.00 0.15 0.35 0.021 0.00 0.27 0.54 0.00 0.19 0.007 0.00 0.00 0.00 0.30 0.70 0.013 0.00 0.00 0.74 0.00 0.26
2022 0.015 0.00 0.00 0.66 0.10 0.24 0.015 0.00 0.50 0.00 0.15 0.35 0.021 0.00 0.27 0.53 0.00 0.19 0.008 0.00 0.00 0.00 0.30 0.70 0.014 0.00 0.00 0.73 0.00 0.27
2023 0.016 0.00 0.00 0.65 0.10 0.25 0.016 0.00 0.49 0.00 0.15 0.36 0.022 0.00 0.28 0.53 0.00 0.20 0.008 0.00 0.00 0.00 0.29 0.71 0.014 0.00 0.00 0.73 0.00 0.27
2024 0.016 0.00 0.00 0.64 0.10 0.25 0.017 0.00 0.49 0.00 0.15 0.36 0.022 0.00 0.28 0.52 0.00 0.20 0.009 0.00 0.00 0.00 0.29 0.71 0.014 0.00 0.00 0.72 0.00 0.28
2025 0.017 0.00 0.00 0.63 0.10 0.26 0.018 0.00 0.49 0.00 0.15 0.36 0.023 0.00 0.28 0.51 0.00 0.21 0.009 0.00 0.00 0.00 0.29 0.71 0.015 0.00 0.00 0.71 0.00 0.29
2026 0.017 0.00 0.00 0.63 0.11 0.27 0.018 0.00 0.49 0.00 0.15 0.37 0.024 0.00 0.28 0.50 0.00 0.21 0.010 0.00 0.00 0.00 0.28 0.72 0.015 0.00 0.00 0.70 0.00 0.30
2027 0.018 0.00 0.00 0.62 0.11 0.28 0.019 0.00 0.48 0.00 0.14 0.37 0.024 0.00 0.29 0.49 0.00 0.22 0.011 0.00 0.00 0.00 0.28 0.72 0.016 0.00 0.00 0.69 0.00 0.31
2028 0.018 0.00 0.00 0.61 0.11 0.28 0.020 0.00 0.48 0.00 0.14 0.38 0.025 0.00 0.29 0.48 0.00 0.23 0.011 0.00 0.00 0.00 0.28 0.72 0.016 0.00 0.00 0.68 0.00 0.32
2029 0.019 0.00 0.00 0.60 0.11 0.29 0.021 0.00 0.48 0.00 0.14 0.38 0.026 0.00 0.29 0.48 0.00 0.23 0.012 0.00 0.00 0.00 0.27 0.73 0.016 0.00 0.00 0.67 0.00 0.33
2030 0.020 0.00 0.00 0.59 0.11 0.30 0.022 0.00 0.47 0.00 0.14 0.38 0.026 0.00 0.29 0.47 0.00 0.24 0.013 0.00 0.00 0.00 0.27 0.73 0.017 0.00 0.00 0.66 0.00 0.34
2031 0.020 0.00 0.00 0.58 0.11 0.31 0.023 0.00 0.47 0.00 0.14 0.39 0.027 0.00 0.30 0.46 0.00 0.24 0.013 0.00 0.00 0.00 0.27 0.73 0.017 0.00 0.00 0.65 0.00 0.35
2032 0.021 0.00 0.00 0.57 0.11 0.32 0.024 0.00 0.47 0.00 0.14 0.39 0.028 0.00 0.30 0.45 0.00 0.25 0.014 0.00 0.00 0.00 0.26 0.74 0.018 0.00 0.00 0.64 0.00 0.36
2033 0.022 0.00 0.00 0.56 0.12 0.32 0.025 0.00 0.46 0.00 0.14 0.40 0.029 0.00 0.30 0.44 0.00 0.26 0.015 0.00 0.00 0.00 0.26 0.74 0.019 0.00 0.00 0.63 0.00 0.37
2034 0.022 0.00 0.00 0.55 0.12 0.33 0.026 0.00 0.46 0.00 0.14 0.40 0.030 0.00 0.30 0.44 0.00 0.26 0.016 0.00 0.00 0.00 0.26 0.74 0.019 0.00 0.00 0.62 0.00 0.38
2035 0.023 0.00 0.00 0.54 0.12 0.34 0.027 0.00 0.45 0.00 0.14 0.41 0.030 0.00 0.30 0.43 0.00 0.27 0.016 0.00 0.00 0.00 0.26 0.74 0.020 0.00 0.00 0.61 0.00 0.39
2036 0.024 0.00 0.00 0.53 0.12 0.35 0.028 0.00 0.45 0.00 0.14 0.41 0.031 0.00 0.30 0.42 0.00 0.28 0.017 0.00 0.00 0.00 0.26 0.74 0.020 0.00 0.00 0.60 0.00 0.40
2037 0.025 0.00 0.00 0.52 0.12 0.36 0.029 0.00 0.45 0.00 0.14 0.41 0.032 0.00 0.30 0.41 0.00 0.28 0.018 0.00 0.00 0.00 0.25 0.75 0.021 0.00 0.00 0.59 0.00 0.41
2038 0.026 0.00 0.00 0.51 0.12 0.37 0.031 0.00 0.44 0.00 0.14 0.42 0.033 0.00 0.30 0.41 0.00 0.29 0.019 0.00 0.00 0.00 0.25 0.75 0.022 0.00 0.00 0.58 0.00 0.42
2039 0.026 0.00 0.00 0.50 0.12 0.37 0.032 0.00 0.44 0.00 0.14 0.42 0.034 0.00 0.31 0.40 0.00 0.30 0.020 0.00 0.00 0.00 0.25 0.75 0.022 0.00 0.00 0.57 0.00 0.43
2040 0.027 0.00 0.00 0.49 0.13 0.38 0.033 0.00 0.43 0.00 0.14 0.43 0.035 0.00 0.31 0.39 0.00 0.30 0.021 0.00 0.00 0.00 0.25 0.75 0.023 0.00 0.00 0.56 0.00 0.44
2041 0.028 0.00 0.00 0.48 0.13 0.39 0.035 0.00 0.43 0.00 0.14 0.43 0.036 0.00 0.31 0.38 0.00 0.31 0.022 0.00 0.00 0.00 0.25 0.75 0.024 0.00 0.00 0.55 0.00 0.45
2042 0.029 0.00 0.00 0.47 0.13 0.40 0.036 0.00 0.42 0.00 0.14 0.44 0.037 0.00 0.31 0.38 0.00 0.32 0.023 0.00 0.00 0.00 0.25 0.75 0.024 0.00 0.00 0.54 0.00 0.46
2043 0.030 0.00 0.00 0.46 0.13 0.41 0.037 0.00 0.42 0.00 0.14 0.44 0.038 0.00 0.31 0.37 0.00 0.32 0.024 0.00 0.00 0.00 0.24 0.76 0.025 0.00 0.00 0.53 0.00 0.47
2044 0.031 0.00 0.00 0.45 0.13 0.41 0.039 0.00 0.41 0.00 0.14 0.44 0.039 0.00 0.31 0.36 0.00 0.33 0.025 0.00 0.00 0.00 0.24 0.76 0.026 0.00 0.00 0.52 0.00 0.48
2045 0.032 0.00 0.00 0.44 0.13 0.42 0.040 0.00 0.41 0.00 0.14 0.45 0.041 0.00 0.31 0.36 0.00 0.34 0.027 0.00 0.00 0.00 0.24 0.76 0.027 0.00 0.00 0.51 0.00 0.49
2046 0.033 0.00 0.00 0.44 0.14 0.43 0.042 0.00 0.41 0.00 0.14 0.45 0.042 0.00 0.31 0.35 0.00 0.34 0.028 0.00 0.00 0.00 0.24 0.76 0.028 0.00 0.00 0.50 0.00 0.50
2047 0.034 0.00 0.00 0.43 0.14 0.44 0.044 0.00 0.40 0.00 0.14 0.45 0.043 0.00 0.31 0.34 0.00 0.35 0.029 0.00 0.00 0.00 0.24 0.76 0.029 0.00 0.00 0.49 0.00 0.51
2048 0.036 0.00 0.00 0.42 0.14 0.44 0.045 0.00 0.40 0.00 0.14 0.46 0.045 0.00 0.31 0.34 0.00 0.36 0.030 0.00 0.00 0.00 0.24 0.76 0.030 0.00 0.00 0.49 0.00 0.51
2049 0.037 0.00 0.00 0.41 0.14 0.45 0.047 0.00 0.39 0.00 0.15 0.46 0.046 0.00 0.31 0.33 0.00 0.36 0.032 0.00 0.00 0.00 0.24 0.76 0.030 0.00 0.00 0.48 0.00 0.52
2050 0.038 0.00 0.00 0.40 0.14 0.46 0.049 0.00 0.39 0.00 0.15 0.46 0.047 0.00 0.31 0.32 0.00 0.37 0.033 0.00 0.00 0.00 0.24 0.76 0.032 0.00 0.00 0.47 0.00 0.53
2051 0.040 0.00 0.00 0.39 0.15 0.46 0.051 0.00 0.39 0.00 0.15 0.47 0.049 0.00 0.31 0.32 0.00 0.37 0.035 0.00 0.00 0.00 0.24 0.76 0.033 0.00 0.00 0.46 0.00 0.54
2052 0.041 0.00 0.00 0.38 0.15 0.47 0.053 0.00 0.38 0.00 0.15 0.47 0.050 0.00 0.31 0.31 0.00 0.38 0.036 0.00 0.00 0.00 0.24 0.76 0.034 0.00 0.00 0.45 0.00 0.55
2053 0.043 0.00 0.00 0.37 0.15 0.48 0.055 0.00 0.38 0.00 0.15 0.47 0.052 0.00 0.31 0.30 0.00 0.39 0.038 0.00 0.00 0.00 0.24 0.76 0.035 0.00 0.00 0.44 0.00 0.56
2054 0.044 0.00 0.00 0.37 0.15 0.48 0.057 0.00 0.37 0.00 0.15 0.48 0.054 0.00 0.31 0.30 0.00 0.39 0.040 0.00 0.00 0.00 0.24 0.76 0.036 0.00 0.00 0.43 0.00 0.57
2055 0.046 0.00 0.00 0.36 0.15 0.49 0.059 0.00 0.37 0.00 0.15 0.48 0.056 0.00 0.31 0.29 0.00 0.40 0.042 0.00 0.00 0.00 0.24 0.76 0.038 0.00 0.00 0.42 0.00 0.58
2056 0.048 0.00 0.00 0.35 0.16 0.49 0.062 0.00 0.37 0.00 0.15 0.48 0.057 0.00 0.31 0.29 0.00 0.40 0.043 0.00 0.00 0.00 0.24 0.76 0.039 0.00 0.00 0.42 0.00 0.58
2057 0.049 0.00 0.00 0.34 0.16 0.50 0.064 0.00 0.36 0.00 0.15 0.48 0.059 0.00 0.31 0.28 0.00 0.41 0.045 0.00 0.00 0.00 0.24 0.76 0.040 0.00 0.00 0.41 0.00 0.59
2058 0.052 0.00 0.00 0.34 0.16 0.50 0.067 0.00 0.36 0.00 0.15 0.49 0.061 0.00 0.31 0.28 0.00 0.42 0.048 0.00 0.00 0.00 0.24 0.76 0.042 0.00 0.00 0.40 0.00 0.60
2059 0.054 0.00 0.00 0.33 0.16 0.51 0.070 0.00 0.36 0.00 0.16 0.49 0.064 0.00 0.31 0.27 0.00 0.42 0.050 0.00 0.00 0.00 0.24 0.76 0.044 0.00 0.00 0.39 0.00 0.61
2060 0.056 0.00 0.00 0.32 0.16 0.51 0.073 0.00 0.35 0.00 0.16 0.49 0.066 0.00 0.31 0.27 0.00 0.43 0.052 0.00 0.00 0.00 0.24 0.76 0.046 0.00 0.00 0.38 0.00 0.62

Montgomery L&D

Year
Land Wall - Post Stem & Anchorage Repair Land Wall - Post Stem & Valve Recess Repair Land Wall - Post Stem and Gallery Repair

Hazard 
Rate h(t)

Branch Probability Hazard 
Rate h(t)

Branch Probability Hazard 
Rate h(t)

Branch Probability Hazard 
Rate h(t)

Hazard 
Rate h(t)

EDM NIM Input Data-REV-2.xls MNT LW 6/1/2010



Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

Land  Wall - Post Valve Recess & Gallery Repair
Branch Probability Branch Probability

p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t) p1(t) p2(t) p3(t) p4(t) p5(t)
2005 0.003 0.00 0.00 0.00 0.00 1.00 0.006 0.08 0.00 0.00 0.37 0.55 0.013 0.02 0.00 0.81 0.00 0.16 0.005 0.13 0.00 0.00 0.00 0.87 0.009 0.06 0.56 0.00 0.00 0.39
2006 0.003 0.00 0.00 0.00 0.00 1.00 0.006 0.10 0.00 0.00 0.35 0.54 0.013 0.03 0.00 0.80 0.00 0.17 0.005 0.16 0.00 0.00 0.00 0.84 0.009 0.07 0.55 0.00 0.00 0.38
2007 0.003 0.00 0.00 0.00 0.00 1.00 0.006 0.13 0.00 0.00 0.33 0.54 0.013 0.04 0.00 0.79 0.00 0.17 0.005 0.19 0.00 0.00 0.00 0.81 0.010 0.09 0.54 0.00 0.00 0.37
2008 0.003 0.00 0.00 0.00 0.00 1.00 0.006 0.15 0.00 0.00 0.32 0.53 0.013 0.05 0.00 0.78 0.00 0.17 0.006 0.22 0.00 0.00 0.00 0.78 0.010 0.10 0.53 0.00 0.00 0.37
2009 0.003 0.00 0.00 0.00 0.00 1.00 0.007 0.17 0.00 0.00 0.30 0.52 0.014 0.06 0.00 0.77 0.00 0.18 0.006 0.25 0.00 0.00 0.00 0.75 0.011 0.12 0.52 0.00 0.00 0.36
2010 0.003 0.00 0.00 0.00 0.00 1.00 0.007 0.19 0.00 0.00 0.29 0.52 0.014 0.07 0.00 0.75 0.00 0.18 0.006 0.27 0.00 0.00 0.00 0.73 0.011 0.13 0.52 0.00 0.00 0.35
2011 0.003 0.00 0.00 0.00 0.00 1.00 0.007 0.21 0.00 0.00 0.28 0.51 0.014 0.07 0.00 0.74 0.00 0.18 0.006 0.29 0.00 0.00 0.00 0.71 0.012 0.14 0.51 0.00 0.00 0.35
2012 0.003 0.00 0.00 0.00 0.00 1.00 0.008 0.22 0.00 0.00 0.27 0.51 0.014 0.08 0.00 0.73 0.00 0.19 0.007 0.31 0.00 0.00 0.00 0.69 0.012 0.15 0.51 0.00 0.00 0.34
2013 0.004 0.00 0.00 0.00 0.00 1.00 0.008 0.24 0.00 0.00 0.26 0.50 0.015 0.09 0.00 0.72 0.00 0.19 0.007 0.32 0.00 0.00 0.00 0.68 0.013 0.16 0.50 0.00 0.00 0.34
2014 0.004 0.00 0.00 0.00 0.00 1.00 0.008 0.25 0.00 0.00 0.25 0.50 0.015 0.10 0.00 0.71 0.00 0.19 0.007 0.33 0.00 0.00 0.00 0.67 0.013 0.17 0.50 0.00 0.00 0.34
2015 0.004 0.00 0.00 0.00 0.00 1.00 0.009 0.26 0.00 0.00 0.24 0.50 0.015 0.10 0.00 0.70 0.00 0.20 0.008 0.34 0.00 0.00 0.00 0.66 0.014 0.17 0.49 0.00 0.00 0.33
2016 0.004 0.00 0.00 0.00 0.00 1.00 0.009 0.27 0.00 0.00 0.24 0.49 0.016 0.11 0.00 0.69 0.00 0.20 0.008 0.35 0.00 0.00 0.00 0.65 0.014 0.18 0.49 0.00 0.00 0.33
2017 0.004 0.00 0.00 0.00 0.00 1.00 0.010 0.28 0.00 0.00 0.23 0.49 0.016 0.12 0.00 0.68 0.00 0.20 0.008 0.36 0.00 0.00 0.00 0.64 0.015 0.19 0.48 0.00 0.00 0.33
2018 0.005 0.00 0.00 0.00 0.00 1.00 0.010 0.28 0.00 0.00 0.23 0.49 0.016 0.12 0.00 0.67 0.00 0.21 0.009 0.37 0.00 0.00 0.00 0.63 0.015 0.19 0.48 0.00 0.00 0.33
2019 0.005 0.00 0.00 0.00 0.00 1.00 0.010 0.29 0.00 0.00 0.22 0.49 0.017 0.13 0.00 0.66 0.00 0.21 0.009 0.37 0.00 0.00 0.00 0.63 0.016 0.19 0.48 0.00 0.00 0.33
2020 0.005 0.00 0.00 0.00 0.00 1.00 0.011 0.29 0.00 0.00 0.22 0.49 0.017 0.13 0.00 0.65 0.00 0.22 0.009 0.37 0.00 0.00 0.00 0.63 0.017 0.20 0.47 0.00 0.00 0.33
2021 0.006 0.00 0.00 0.00 0.00 1.00 0.011 0.30 0.00 0.00 0.21 0.49 0.017 0.14 0.00 0.64 0.00 0.22 0.010 0.38 0.00 0.00 0.00 0.62 0.017 0.20 0.47 0.00 0.00 0.33
2022 0.006 0.00 0.00 0.00 0.00 1.00 0.012 0.30 0.00 0.00 0.21 0.49 0.018 0.14 0.00 0.63 0.00 0.23 0.010 0.38 0.00 0.00 0.00 0.62 0.018 0.20 0.47 0.00 0.00 0.33
2023 0.007 0.00 0.00 0.00 0.00 1.00 0.012 0.30 0.00 0.00 0.21 0.49 0.018 0.14 0.00 0.62 0.00 0.24 0.011 0.38 0.00 0.00 0.00 0.62 0.018 0.20 0.46 0.00 0.00 0.33
2024 0.007 0.00 0.00 0.00 0.00 1.00 0.013 0.30 0.00 0.00 0.20 0.50 0.018 0.15 0.00 0.61 0.00 0.24 0.011 0.38 0.00 0.00 0.00 0.62 0.019 0.20 0.46 0.00 0.00 0.34
2025 0.007 0.00 0.00 0.00 0.00 1.00 0.013 0.30 0.00 0.00 0.20 0.50 0.019 0.15 0.00 0.60 0.00 0.25 0.011 0.38 0.00 0.00 0.00 0.62 0.020 0.20 0.46 0.00 0.00 0.34
2026 0.008 0.00 0.00 0.00 0.00 1.00 0.014 0.30 0.00 0.00 0.20 0.50 0.019 0.15 0.00 0.59 0.00 0.25 0.012 0.37 0.00 0.00 0.00 0.63 0.020 0.20 0.45 0.00 0.00 0.34
2027 0.008 0.00 0.00 0.00 0.00 1.00 0.014 0.30 0.00 0.00 0.20 0.51 0.019 0.15 0.00 0.58 0.00 0.26 0.012 0.37 0.00 0.00 0.00 0.63 0.021 0.20 0.45 0.00 0.00 0.35
2028 0.009 0.00 0.00 0.00 0.00 1.00 0.015 0.29 0.00 0.00 0.19 0.51 0.020 0.16 0.00 0.58 0.00 0.27 0.013 0.37 0.00 0.00 0.00 0.63 0.022 0.20 0.45 0.00 0.00 0.35
2029 0.009 0.00 0.00 0.00 0.00 1.00 0.015 0.29 0.00 0.00 0.19 0.51 0.020 0.16 0.00 0.57 0.00 0.28 0.013 0.36 0.00 0.00 0.00 0.64 0.022 0.20 0.44 0.00 0.00 0.35
2030 0.010 0.00 0.00 0.00 0.00 1.00 0.016 0.29 0.00 0.00 0.19 0.52 0.021 0.16 0.00 0.56 0.00 0.28 0.013 0.36 0.00 0.00 0.00 0.64 0.023 0.20 0.44 0.00 0.00 0.36
2031 0.010 0.00 0.00 0.00 0.00 1.00 0.017 0.28 0.00 0.00 0.19 0.52 0.021 0.16 0.00 0.55 0.00 0.29 0.014 0.35 0.00 0.00 0.00 0.65 0.024 0.20 0.44 0.00 0.00 0.36
2032 0.011 0.00 0.00 0.00 0.00 1.00 0.017 0.28 0.00 0.00 0.19 0.53 0.021 0.16 0.00 0.54 0.00 0.30 0.014 0.35 0.00 0.00 0.00 0.65 0.024 0.19 0.44 0.00 0.00 0.37
2033 0.012 0.00 0.00 0.00 0.00 1.00 0.018 0.27 0.00 0.00 0.19 0.54 0.022 0.16 0.00 0.53 0.00 0.31 0.015 0.34 0.00 0.00 0.00 0.66 0.025 0.19 0.43 0.00 0.00 0.37
2034 0.012 0.00 0.00 0.00 0.00 1.00 0.018 0.27 0.00 0.00 0.19 0.54 0.022 0.16 0.00 0.53 0.00 0.32 0.015 0.33 0.00 0.00 0.00 0.67 0.026 0.19 0.43 0.00 0.00 0.38
2035 0.013 0.00 0.00 0.00 0.00 1.00 0.019 0.26 0.00 0.00 0.19 0.55 0.022 0.16 0.00 0.52 0.00 0.33 0.016 0.33 0.00 0.00 0.00 0.67 0.027 0.19 0.43 0.00 0.00 0.38
2036 0.014 0.00 0.00 0.00 0.00 1.00 0.020 0.26 0.00 0.00 0.19 0.55 0.023 0.16 0.00 0.51 0.00 0.33 0.016 0.32 0.00 0.00 0.00 0.68 0.027 0.18 0.43 0.00 0.00 0.39
2037 0.014 0.00 0.00 0.00 0.00 1.00 0.020 0.25 0.00 0.00 0.19 0.56 0.023 0.16 0.00 0.50 0.00 0.34 0.017 0.31 0.00 0.00 0.00 0.69 0.028 0.18 0.43 0.00 0.00 0.40
2038 0.015 0.00 0.00 0.00 0.00 1.00 0.021 0.25 0.00 0.00 0.19 0.56 0.024 0.15 0.00 0.49 0.00 0.35 0.017 0.30 0.00 0.00 0.00 0.70 0.029 0.18 0.42 0.00 0.00 0.40
2039 0.016 0.00 0.00 0.00 0.00 1.00 0.022 0.24 0.00 0.00 0.19 0.57 0.024 0.15 0.00 0.49 0.00 0.36 0.018 0.30 0.00 0.00 0.00 0.70 0.030 0.17 0.42 0.00 0.00 0.41
2040 0.017 0.00 0.00 0.00 0.00 1.00 0.023 0.23 0.00 0.00 0.19 0.58 0.025 0.15 0.00 0.48 0.00 0.37 0.018 0.29 0.00 0.00 0.00 0.71 0.031 0.17 0.42 0.00 0.00 0.41
2041 0.017 0.00 0.00 0.00 0.00 1.00 0.023 0.23 0.00 0.00 0.19 0.58 0.025 0.15 0.00 0.47 0.00 0.38 0.019 0.28 0.00 0.00 0.00 0.72 0.031 0.16 0.42 0.00 0.00 0.42
2042 0.018 0.00 0.00 0.00 0.00 1.00 0.024 0.22 0.00 0.00 0.19 0.59 0.025 0.15 0.00 0.46 0.00 0.39 0.019 0.27 0.00 0.00 0.00 0.73 0.032 0.16 0.41 0.00 0.00 0.43
2043 0.019 0.00 0.00 0.00 0.00 1.00 0.025 0.21 0.00 0.00 0.19 0.60 0.026 0.14 0.00 0.46 0.00 0.40 0.020 0.26 0.00 0.00 0.00 0.74 0.033 0.15 0.41 0.00 0.00 0.43
2044 0.020 0.00 0.00 0.00 0.00 1.00 0.026 0.20 0.00 0.00 0.19 0.60 0.026 0.14 0.00 0.45 0.00 0.41 0.021 0.25 0.00 0.00 0.00 0.75 0.034 0.15 0.41 0.00 0.00 0.44
2045 0.021 0.00 0.00 0.00 0.00 1.00 0.027 0.20 0.00 0.00 0.19 0.61 0.027 0.14 0.00 0.44 0.00 0.42 0.021 0.24 0.00 0.00 0.00 0.76 0.035 0.14 0.41 0.00 0.00 0.45
2046 0.022 0.00 0.00 0.00 0.00 1.00 0.028 0.19 0.00 0.00 0.20 0.61 0.027 0.13 0.00 0.44 0.00 0.43 0.022 0.24 0.00 0.00 0.00 0.76 0.036 0.14 0.41 0.00 0.00 0.45
2047 0.023 0.00 0.00 0.00 0.00 1.00 0.029 0.18 0.00 0.00 0.20 0.62 0.028 0.13 0.00 0.43 0.00 0.44 0.023 0.23 0.00 0.00 0.00 0.77 0.037 0.13 0.41 0.00 0.00 0.46
2048 0.024 0.00 0.00 0.00 0.00 1.00 0.030 0.17 0.00 0.00 0.20 0.63 0.029 0.13 0.00 0.42 0.00 0.45 0.023 0.22 0.00 0.00 0.00 0.78 0.038 0.13 0.41 0.00 0.00 0.47
2049 0.025 0.00 0.00 0.00 0.00 1.00 0.031 0.17 0.00 0.00 0.20 0.63 0.029 0.12 0.00 0.42 0.00 0.46 0.024 0.21 0.00 0.00 0.00 0.79 0.040 0.12 0.40 0.00 0.00 0.47
2050 0.027 0.00 0.00 0.00 0.00 1.00 0.032 0.16 0.00 0.00 0.20 0.64 0.030 0.12 0.00 0.41 0.00 0.47 0.025 0.20 0.00 0.00 0.00 0.80 0.041 0.12 0.40 0.00 0.00 0.48
2051 0.028 0.00 0.00 0.00 0.00 1.00 0.033 0.15 0.00 0.00 0.20 0.65 0.031 0.11 0.00 0.41 0.00 0.48 0.026 0.19 0.00 0.00 0.00 0.81 0.042 0.11 0.40 0.00 0.00 0.49
2052 0.029 0.00 0.00 0.00 0.00 1.00 0.034 0.14 0.00 0.00 0.21 0.65 0.031 0.11 0.00 0.40 0.00 0.49 0.027 0.18 0.00 0.00 0.00 0.82 0.043 0.11 0.40 0.00 0.00 0.49
2053 0.030 0.00 0.00 0.00 0.00 1.00 0.035 0.14 0.00 0.00 0.21 0.66 0.032 0.10 0.00 0.39 0.00 0.50 0.028 0.17 0.00 0.00 0.00 0.83 0.045 0.10 0.40 0.00 0.00 0.50
2054 0.032 0.00 0.00 0.00 0.00 1.00 0.037 0.13 0.00 0.00 0.21 0.66 0.033 0.10 0.00 0.39 0.00 0.51 0.029 0.16 0.00 0.00 0.00 0.84 0.046 0.10 0.40 0.00 0.00 0.51
2055 0.033 0.00 0.00 0.00 0.00 1.00 0.038 0.12 0.00 0.00 0.21 0.67 0.034 0.09 0.00 0.38 0.00 0.52 0.030 0.15 0.00 0.00 0.00 0.85 0.048 0.09 0.40 0.00 0.00 0.51
2056 0.035 0.00 0.00 0.00 0.00 1.00 0.040 0.11 0.00 0.00 0.21 0.67 0.035 0.09 0.00 0.38 0.00 0.53 0.031 0.14 0.00 0.00 0.00 0.86 0.049 0.09 0.40 0.00 0.00 0.52
2057 0.036 0.00 0.00 0.00 0.00 1.00 0.041 0.10 0.00 0.00 0.21 0.68 0.036 0.08 0.00 0.37 0.00 0.54 0.032 0.13 0.00 0.00 0.00 0.87 0.051 0.08 0.39 0.00 0.00 0.52
2058 0.038 0.00 0.00 0.00 0.00 1.00 0.043 0.10 0.00 0.00 0.22 0.69 0.037 0.08 0.00 0.37 0.00 0.55 0.034 0.12 0.00 0.00 0.00 0.88 0.053 0.07 0.39 0.00 0.00 0.53
2059 0.040 0.00 0.00 0.00 0.00 1.00 0.045 0.09 0.00 0.00 0.22 0.69 0.039 0.07 0.00 0.36 0.00 0.56 0.035 0.11 0.00 0.00 0.00 0.89 0.055 0.07 0.39 0.00 0.00 0.54
2060 0.042 0.00 0.00 0.00 0.00 1.00 0.047 0.08 0.00 0.00 0.22 0.70 0.040 0.07 0.00 0.36 0.00 0.57 0.037 0.10 0.00 0.00 0.00 0.90 0.057 0.06 0.39 0.00 0.00 0.54

Montgomery L&D

Year
Land Wall - Post Stem, Anch, Valve Recss and Gallery Repair Land Wall - Post Anchorage & Valve Recess Repair Land Wall - Post Anchorage and Gallery Repair

Hazard 
Rate h(t)

Branch Probability Hazard 
Rate h(t)

Hazard 
Rate h(t)

Land  Wall - Post Anchorage, Valve Recess and Gallery Repair
Branch Probability Hazard 

Rate h(t)
Branch Probability Hazard 

Rate h(t)

EDM NIM Input Data-REV-2.xls MNT LW 6/1/2010



Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

p1(t) p2(t) p3(t) p4(t) p5(t)
2005 0.007 0.00 0.59 0.00 0.00 0.41
2006 0.007 0.00 0.59 0.00 0.00 0.41
2007 0.007 0.00 0.59 0.00 0.00 0.41
2008 0.008 0.00 0.59 0.00 0.00 0.41
2009 0.008 0.00 0.59 0.00 0.00 0.41
2010 0.008 0.00 0.59 0.00 0.00 0.41
2011 0.009 0.00 0.60 0.00 0.00 0.40
2012 0.009 0.00 0.60 0.00 0.00 0.40
2013 0.009 0.00 0.60 0.00 0.00 0.40
2014 0.010 0.00 0.60 0.00 0.00 0.40
2015 0.010 0.00 0.60 0.00 0.00 0.40
2016 0.011 0.00 0.60 0.00 0.00 0.40
2017 0.011 0.00 0.60 0.00 0.00 0.40
2018 0.011 0.00 0.59 0.00 0.00 0.41
2019 0.012 0.00 0.59 0.00 0.00 0.41
2020 0.013 0.00 0.59 0.00 0.00 0.41
2021 0.013 0.00 0.59 0.00 0.00 0.41
2022 0.014 0.00 0.58 0.00 0.00 0.42
2023 0.014 0.00 0.58 0.00 0.00 0.42
2024 0.015 0.00 0.58 0.00 0.00 0.42
2025 0.016 0.00 0.57 0.00 0.00 0.43
2026 0.016 0.00 0.57 0.00 0.00 0.43
2027 0.017 0.00 0.57 0.00 0.00 0.43
2028 0.018 0.00 0.56 0.00 0.00 0.44
2029 0.019 0.00 0.56 0.00 0.00 0.44
2030 0.019 0.00 0.55 0.00 0.00 0.45
2031 0.020 0.00 0.55 0.00 0.00 0.45
2032 0.021 0.00 0.54 0.00 0.00 0.46
2033 0.022 0.00 0.54 0.00 0.00 0.46
2034 0.023 0.00 0.53 0.00 0.00 0.47
2035 0.024 0.00 0.53 0.00 0.00 0.47
2036 0.025 0.00 0.52 0.00 0.00 0.48
2037 0.026 0.00 0.52 0.00 0.00 0.48
2038 0.027 0.00 0.51 0.00 0.00 0.49
2039 0.028 0.00 0.51 0.00 0.00 0.49
2040 0.029 0.00 0.50 0.00 0.00 0.50
2041 0.030 0.00 0.50 0.00 0.00 0.50
2042 0.031 0.00 0.49 0.00 0.00 0.51
2043 0.032 0.00 0.49 0.00 0.00 0.51
2044 0.034 0.00 0.48 0.00 0.00 0.52
2045 0.035 0.00 0.48 0.00 0.00 0.52
2046 0.036 0.00 0.47 0.00 0.00 0.53
2047 0.038 0.00 0.47 0.00 0.00 0.53
2048 0.039 0.00 0.47 0.00 0.00 0.53
2049 0.041 0.00 0.46 0.00 0.00 0.54
2050 0.042 0.00 0.46 0.00 0.00 0.54
2051 0.044 0.00 0.45 0.00 0.00 0.55
2052 0.046 0.00 0.45 0.00 0.00 0.55
2053 0.047 0.00 0.44 0.00 0.00 0.56
2054 0.049 0.00 0.44 0.00 0.00 0.56
2055 0.051 0.00 0.44 0.00 0.00 0.56
2056 0.053 0.00 0.43 0.00 0.00 0.57
2057 0.055 0.00 0.43 0.00 0.00 0.57
2058 0.058 0.00 0.43 0.00 0.00 0.57
2059 0.060 0.00 0.42 0.00 0.00 0.58
2060 0.063 0.00 0.42 0.00 0.00 0.58

Hazard 
Rate h(t)

Branch Probability

Montgomery L&D

Year
Land Wall - Post Stem, Valve Recss and Gallery Repair

EDM NIM Input Data-REV-2.xls MNT LW 6/1/2010



Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

Middle Wall - Post Anch. and Valve Rec. Repair
Branch Probability

p1(t) p2(t) p3(t) p1(t) p2(t) p3(t) p1(t) p2(t) p3(t) p1(t) p2(t) p3(t)
2005 0.014 0.20 0.71 0.08 0.010 0.00 0.89 0.11 0.006 0.71 0.00 0.29 0.002 0.00 0.00 1.00
2006 0.014 0.21 0.70 0.09 0.010 0.00 0.89 0.11 0.006 0.70 0.00 0.30 0.002 0.00 0.00 1.00
2007 0.014 0.22 0.69 0.09 0.010 0.00 0.88 0.12 0.007 0.70 0.00 0.30 0.002 0.00 0.00 1.00
2008 0.015 0.22 0.68 0.09 0.010 0.00 0.88 0.12 0.007 0.70 0.00 0.30 0.002 0.00 0.00 1.00
2009 0.015 0.23 0.67 0.10 0.010 0.00 0.87 0.13 0.007 0.70 0.00 0.30 0.002 0.00 0.00 1.00
2010 0.015 0.23 0.67 0.10 0.010 0.00 0.87 0.13 0.007 0.70 0.00 0.30 0.002 0.00 0.00 1.00
2011 0.016 0.24 0.66 0.10 0.010 0.00 0.86 0.14 0.008 0.70 0.00 0.30 0.003 0.00 0.00 1.00
2012 0.016 0.24 0.65 0.11 0.011 0.00 0.86 0.14 0.008 0.69 0.00 0.31 0.003 0.00 0.00 1.00
2013 0.016 0.25 0.64 0.11 0.011 0.00 0.85 0.15 0.009 0.69 0.00 0.31 0.003 0.00 0.00 1.00
2014 0.017 0.25 0.63 0.12 0.011 0.00 0.85 0.15 0.009 0.69 0.00 0.31 0.003 0.00 0.00 1.00
2015 0.017 0.26 0.62 0.12 0.011 0.00 0.84 0.16 0.009 0.68 0.00 0.32 0.003 0.00 0.00 1.00
2016 0.018 0.26 0.61 0.12 0.011 0.00 0.83 0.17 0.010 0.68 0.00 0.32 0.004 0.00 0.00 1.00
2017 0.018 0.27 0.60 0.13 0.012 0.00 0.83 0.17 0.010 0.68 0.00 0.32 0.004 0.00 0.00 1.00
2018 0.019 0.27 0.60 0.13 0.012 0.00 0.82 0.18 0.011 0.67 0.00 0.33 0.004 0.00 0.00 1.00
2019 0.019 0.28 0.59 0.14 0.012 0.00 0.81 0.19 0.011 0.67 0.00 0.33 0.004 0.00 0.00 1.00
2020 0.019 0.28 0.58 0.14 0.012 0.00 0.80 0.20 0.012 0.66 0.00 0.34 0.005 0.00 0.00 1.00
2021 0.020 0.28 0.57 0.15 0.013 0.00 0.79 0.21 0.012 0.66 0.00 0.34 0.005 0.00 0.00 1.00
2022 0.021 0.29 0.56 0.15 0.013 0.00 0.79 0.21 0.013 0.65 0.00 0.35 0.005 0.00 0.00 1.00
2023 0.021 0.29 0.55 0.16 0.013 0.00 0.78 0.22 0.014 0.65 0.00 0.35 0.006 0.00 0.00 1.00
2024 0.022 0.29 0.54 0.16 0.014 0.00 0.77 0.23 0.014 0.64 0.00 0.36 0.006 0.00 0.00 1.00
2025 0.022 0.30 0.53 0.17 0.014 0.00 0.76 0.24 0.015 0.64 0.00 0.36 0.007 0.00 0.00 1.00
2026 0.023 0.30 0.53 0.18 0.014 0.00 0.75 0.25 0.015 0.63 0.00 0.37 0.007 0.00 0.00 1.00
2027 0.023 0.30 0.52 0.18 0.015 0.00 0.74 0.26 0.016 0.62 0.00 0.38 0.007 0.00 0.00 1.00
2028 0.024 0.30 0.51 0.19 0.015 0.00 0.73 0.27 0.017 0.62 0.00 0.38 0.008 0.00 0.00 1.00
2029 0.025 0.31 0.50 0.19 0.015 0.00 0.72 0.28 0.018 0.61 0.00 0.39 0.008 0.00 0.00 1.00
2030 0.025 0.31 0.49 0.20 0.016 0.00 0.71 0.29 0.018 0.61 0.00 0.39 0.009 0.00 0.00 1.00
2031 0.026 0.31 0.48 0.21 0.016 0.00 0.70 0.30 0.019 0.60 0.00 0.40 0.009 0.00 0.00 1.00
2032 0.027 0.31 0.47 0.21 0.017 0.00 0.69 0.31 0.020 0.59 0.00 0.41 0.010 0.00 0.00 1.00
2033 0.027 0.31 0.47 0.22 0.017 0.00 0.68 0.32 0.021 0.59 0.00 0.41 0.010 0.00 0.00 1.00
2034 0.028 0.32 0.46 0.23 0.018 0.00 0.67 0.33 0.021 0.58 0.00 0.42 0.011 0.00 0.00 1.00
2035 0.029 0.32 0.45 0.23 0.018 0.00 0.66 0.34 0.022 0.58 0.00 0.42 0.011 0.00 0.00 1.00
2036 0.030 0.32 0.44 0.24 0.019 0.00 0.65 0.35 0.023 0.57 0.00 0.43 0.012 0.00 0.00 1.00
2037 0.030 0.32 0.43 0.25 0.019 0.00 0.64 0.36 0.024 0.57 0.00 0.43 0.012 0.00 0.00 1.00
2038 0.031 0.32 0.43 0.25 0.020 0.00 0.63 0.37 0.025 0.56 0.00 0.44 0.013 0.00 0.00 1.00
2039 0.032 0.32 0.42 0.26 0.020 0.00 0.62 0.38 0.026 0.55 0.00 0.45 0.014 0.00 0.00 1.00
2040 0.033 0.32 0.41 0.26 0.021 0.00 0.61 0.39 0.027 0.55 0.00 0.45 0.014 0.00 0.00 1.00
2041 0.034 0.32 0.40 0.27 0.021 0.00 0.60 0.40 0.028 0.54 0.00 0.46 0.015 0.00 0.00 1.00
2042 0.035 0.32 0.40 0.28 0.022 0.00 0.59 0.41 0.029 0.54 0.00 0.46 0.016 0.00 0.00 1.00
2043 0.036 0.33 0.39 0.28 0.022 0.00 0.58 0.42 0.030 0.53 0.00 0.47 0.017 0.00 0.00 1.00
2044 0.037 0.33 0.38 0.29 0.023 0.00 0.57 0.43 0.031 0.53 0.00 0.47 0.017 0.00 0.00 1.00
2045 0.038 0.33 0.38 0.30 0.024 0.00 0.56 0.44 0.032 0.52 0.00 0.48 0.018 0.00 0.00 1.00
2046 0.039 0.33 0.37 0.30 0.025 0.00 0.55 0.45 0.033 0.52 0.00 0.48 0.019 0.00 0.00 1.00
2047 0.040 0.33 0.36 0.31 0.025 0.00 0.54 0.46 0.035 0.52 0.00 0.48 0.020 0.00 0.00 1.00
2048 0.041 0.33 0.36 0.31 0.026 0.00 0.53 0.47 0.036 0.51 0.00 0.49 0.021 0.00 0.00 1.00
2049 0.042 0.33 0.35 0.32 0.027 0.00 0.52 0.48 0.037 0.51 0.00 0.49 0.022 0.00 0.00 1.00
2050 0.044 0.33 0.34 0.33 0.028 0.00 0.51 0.49 0.039 0.50 0.00 0.50 0.023 0.00 0.00 1.00
2051 0.045 0.33 0.34 0.33 0.029 0.00 0.50 0.50 0.040 0.50 0.00 0.50 0.024 0.00 0.00 1.00
2052 0.046 0.33 0.33 0.34 0.030 0.00 0.49 0.51 0.042 0.49 0.00 0.51 0.025 0.00 0.00 1.00
2053 0.048 0.33 0.33 0.34 0.031 0.00 0.49 0.51 0.043 0.49 0.00 0.51 0.026 0.00 0.00 1.00
2054 0.049 0.33 0.32 0.35 0.032 0.00 0.48 0.52 0.045 0.49 0.00 0.51 0.027 0.00 0.00 1.00
2055 0.051 0.33 0.31 0.36 0.033 0.00 0.47 0.53 0.047 0.48 0.00 0.52 0.029 0.00 0.00 1.00
2056 0.053 0.33 0.31 0.36 0.034 0.00 0.46 0.54 0.049 0.48 0.00 0.52 0.030 0.00 0.00 1.00
2057 0.055 0.33 0.30 0.37 0.036 0.00 0.45 0.55 0.051 0.47 0.00 0.53 0.031 0.00 0.00 1.00
2058 0.056 0.33 0.30 0.37 0.037 0.00 0.45 0.55 0.053 0.47 0.00 0.53 0.033 0.00 0.00 1.00
2059 0.058 0.33 0.29 0.38 0.039 0.00 0.44 0.56 0.055 0.47 0.00 0.53 0.035 0.00 0.00 1.00
2060 0.061 0.33 0.29 0.38 0.040 0.00 0.43 0.57 0.057 0.46 0.00 0.54 0.037 0.00 0.00 1.00

Montgomery L&D
Middle Wall - Original Tree

Hazard 
Rate h(t)

Year
Hazard Rate h(t)

Branch Probability Branch Probability Branch ProbabilityHazard Rate 
h(t) Hazard Rate h(t)

Middle Wall - Post Anchorage Repair Middle Wall - Post Valve Recess Repair

EDM NIM Input Data-REV-2.xls MNT MW 6/1/2010



Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Combined Models
Hazard Rates and Branch Probabilities

p1(t) p2(t) p3(t)
2005 0.000003 1.00 0.00 0.00
2006 0.000003 1.00 0.00 0.00
2007 0.000003 1.00 0.00 0.00
2008 0.000003 1.00 0.00 0.00
2009 0.000003 1.00 0.00 0.00
2010 0.000003 1.00 0.00 0.00
2011 0.000004 1.00 0.00 0.00
2012 0.000004 1.00 0.00 0.00
2013 0.000004 1.00 0.00 0.00
2014 0.000004 1.00 0.00 0.00
2015 0.000004 1.00 0.00 0.00
2016 0.000004 1.00 0.00 0.00
2017 0.000005 1.00 0.00 0.00
2018 0.000005 1.00 0.00 0.00
2019 0.000005 1.00 0.00 0.00
2020 0.000005 1.00 0.00 0.00
2021 0.000005 1.00 0.00 0.00
2022 0.000005 1.00 0.00 0.00
2023 0.000006 1.00 0.00 0.00
2024 0.000006 1.00 0.00 0.00
2025 0.000006 1.00 0.00 0.00
2026 0.000006 1.00 0.00 0.00
2027 0.000006 1.00 0.00 0.00
2028 0.000006 1.00 0.00 0.00
2029 0.000006 1.00 0.00 0.00
2030 0.000007 1.00 0.00 0.00
2031 0.000007 1.00 0.00 0.00
2032 0.000007 1.00 0.00 0.00
2033 0.000007 1.00 0.00 0.00
2034 0.000007 1.00 0.00 0.00
2035 0.000007 1.00 0.00 0.00
2036 0.000008 1.00 0.00 0.00
2037 0.000008 1.00 0.00 0.00
2038 0.000008 1.00 0.00 0.00
2039 0.000008 1.00 0.00 0.00
2040 0.000008 1.00 0.00 0.00
2041 0.000008 1.00 0.00 0.00
2042 0.000009 1.00 0.00 0.00
2043 0.000009 1.00 0.00 0.00
2044 0.000009 1.00 0.00 0.00
2045 0.000009 1.00 0.00 0.00
2046 0.000009 1.00 0.00 0.00
2047 0.000009 1.00 0.00 0.00
2048 0.000009 1.00 0.00 0.00
2049 0.000010 1.00 0.00 0.00
2050 0.000010 1.00 0.00 0.00
2051 0.000010 1.00 0.00 0.00
2052 0.000010 1.00 0.00 0.00
2053 0.000010 1.00 0.00 0.00
2054 0.000010 1.00 0.00 0.00
2055 0.000011 1.00 0.00 0.00
2056 0.000011 1.00 0.00 0.00
2057 0.000011 1.00 0.00 0.00
2058 0.000011 1.00 0.00 0.00
2059 0.000011 1.00 0.00 0.00
2060 0.000011 1.00 0.00 0.00

Montgomery L&D

Hazard 
Rate h(t)

Year Branch Probability
River Wall - Original Tree

EDM NIM Input Data-REV-2.xls MNT RW 6/1/2010
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Summary of Random Variable and their Distribution Used within the Reliability Analysis
Anchored Lock Wall Reliability Models

Random Variable Description Distribution

Monte Carlo Simulation
m Driving soil 1, unit weight, moist Normal
s Driving soil 1, unit weight, saturated Normal
 Driving soil 1, internal friction angle Normal
m Driving soil 2, unit weight, moist Normal
s Driving soil 2, unit weight, saturated Normal
 Driving soil 2, internal friction angle Normal

Coefficient (Kv,soil) Vertical shear force coefficient for self weight Normal
s Resisting soil, unit weight, saturated Normal
 Resisting soil, internal friction angle Normal
rs Rock-sliding friction angle Normal
Crs Rock, sliding shear strength Normal
rcb Rock, cross-bed shear Normal
Crcb Rock, cross-bed shear strength Normal
r Rock, saturated unit weight Normal
qu Rock, ultimate bearing capacity Normal
r Rock, Young's Modulus Normal

HawserForce Hawser pull Normal
A Corrosion Rate Parameter Lognormal

Log (3A) Fatigue Category C Lognormal
StrengthLowerPoolEL Lower Pool Elevation Uniform

DewaterPoolEL Pool Elevation within Dewatered Chamber Uniform

20,000 Simulations resulted in convergence.   The anchored lock wall stability reliability analysis forms a minor individual contributing 
factor to the reliability analysis.  The individual results from the anchored lock wall stability reliability analysis were incorporated into 
a combined probability of failure and hazard function computation using additional probabilities of failure from the Expert Elicitation
Process.  See Section 8.6 within the General Engineering Reference Data Appendix (Document GE) for a detailed discussion.  
For computations refer to Reference Reports #62 and #63.
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ATTACHMENT – 2 
 

MITER GATE EVENT TREES 
AND 

HAZARD FUNCTIONS 



                 Main Chamber Miter Gate 
                     (Vertically Framed)
                           Event Tree

ACTION COMPONENT RELIABILITY
COMPONENT EVENT CONSEQUENCE REACTION COST DURATION EFFECT

1 - h(t)

No Failure           No Consequence No Action Taken $0 0 Decreased 1-year

Main Chamber 
Miter Gate p'1,1 = 0.80

Defer Repair n/a n/a Decreased 1-year

p1

P(t)1,1 = p1 x p'1,1                        

P(t)1,2 = p1 x p'1,2

Minor Failure                 (Crack 
≤ 2-inches)

p'1,2 = 0.20

Perform Repair $490,000 5 Increased 3 years
(See Tab "Minor Failure & Repair" days Main chamber closed, Auxilary chamber open

p'2,1 = 0.40

Defer Repair n/a n/a Decreased 1-year

p2

P(t)2,1 = p2 x p'2,1             

P(t)2,2 = p2 x p'2,2

Medium-Low Failure         
(Crack 2-inches to 4-inches)

p'2,2 = 0.60

h(t) Perform Repair $660,000 7 Increased 6 years
Miter Gate (See Tab "Med-Low Failure & Repair") days Main chamber closed, Auxilary chamber open

Failure Event

p'3,1 = 0.20

Defer Repair n/a n/a Decreased 1-year

p3

P(t)3,1 = p3 x p'3,1                        

P(t)3,2 = p3 x p'3,2

Medium-High Failure         
(Crack 4-inches to 8-inches)

p'3,2 = 0.80

Perform Repair $1,500,000 18 Increased 10 years
(See Tab "Med-High Failure & Repair") days Main chamber closed, Auxilary chamber open

p'4,1 = 0 (always)

Defer Repair n/a n/a n/a

p4

P(t)4,1 = p4 x p'4,1 = 0         
P(t)4,2 = p4 x p'4,2 = p4

Major Failure               
(Crack > 8-inches)

p'4,2 = 1.0 (always)

Perform Repair $2,400,000 30 Increased 20 years
(See Tab "Major Failure & Repair") days Main chamber closed, Auxilary chamber open

Consequences - Miter Gates.xls Event Tree 3/3/2009



Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Main Chamber Miter Gate Models
Hazard Rates and Branch Probabilities

p1(t) p'1,1 p'1,2 p2(t) p'2,1 p'2,2 p3(t) p'3,1 p'3,2 p4(t) p'4,1 p'4,2 p1(t) p'1,1 p'1,2 p2(t) p'2,1 p'2,2 p3(t) p'3,1 p'3,2 p4(t) p'4,1 p'4,2 p1(t) p'1,1 p'1,2 p2(t) p'2,1 p'2,2 p3(t) p'3,1 p'3,2 p4(t) p'4,1 p'4,2

1985 0.027 1.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.028 1.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.028 1.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00
1986 0.066 0.97 0.80 0.20 0.03 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.065 0.97 0.80 0.20 0.03 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.066 0.97 0.80 0.20 0.03 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00
1987 0.093 0.91 0.80 0.20 0.06 0.40 0.60 0.03 0.20 0.80 0.00 0.00 1.00 0.090 0.91 0.80 0.20 0.06 0.40 0.60 0.03 0.20 0.80 0.00 0.00 1.00 0.091 0.91 0.80 0.20 0.06 0.40 0.60 0.03 0.20 0.80 0.00 0.00 1.00
1988 0.113 0.83 0.80 0.20 0.08 0.40 0.60 0.06 0.20 0.80 0.03 0.00 1.00 0.109 0.83 0.80 0.20 0.08 0.40 0.60 0.06 0.20 0.80 0.03 0.00 1.00 0.111 0.83 0.80 0.20 0.08 0.40 0.60 0.06 0.20 0.80 0.03 0.00 1.00
1989 0.129 0.76 0.80 0.20 0.09 0.40 0.60 0.08 0.20 0.80 0.06 0.00 1.00 0.125 0.76 0.80 0.20 0.09 0.40 0.60 0.08 0.20 0.80 0.06 0.00 1.00 0.128 0.76 0.80 0.20 0.09 0.40 0.60 0.08 0.20 0.80 0.07 0.00 1.00
1990 0.144 0.71 0.80 0.20 0.10 0.40 0.60 0.10 0.20 0.80 0.09 0.00 1.00 0.139 0.71 0.80 0.20 0.10 0.40 0.60 0.10 0.20 0.80 0.09 0.00 1.00 0.142 0.72 0.80 0.20 0.10 0.40 0.60 0.09 0.20 0.80 0.09 0.00 1.00
1991 0.156 0.67 0.80 0.20 0.11 0.40 0.60 0.11 0.20 0.80 0.11 0.00 1.00 0.151 0.67 0.80 0.20 0.11 0.40 0.60 0.11 0.20 0.80 0.11 0.00 1.00 0.155 0.68 0.80 0.20 0.11 0.40 0.60 0.10 0.20 0.80 0.11 0.00 1.00
1992 0.167 0.64 0.80 0.20 0.11 0.40 0.60 0.12 0.20 0.80 0.13 0.00 1.00 0.163 0.64 0.80 0.20 0.11 0.40 0.60 0.12 0.20 0.80 0.13 0.00 1.00 0.166 0.65 0.80 0.20 0.11 0.40 0.60 0.11 0.20 0.80 0.13 0.00 1.00
1993 0.178 0.61 0.80 0.20 0.12 0.40 0.60 0.13 0.20 0.80 0.14 0.00 1.00 0.173 0.61 0.80 0.20 0.12 0.40 0.60 0.13 0.20 0.80 0.14 0.00 1.00 0.177 0.63 0.80 0.20 0.12 0.40 0.60 0.11 0.20 0.80 0.14 0.00 1.00
1994 0.188 0.59 0.80 0.20 0.12 0.40 0.60 0.14 0.20 0.80 0.15 0.00 1.00 0.183 0.59 0.80 0.20 0.12 0.40 0.60 0.14 0.20 0.80 0.15 0.00 1.00 0.188 0.60 0.80 0.20 0.13 0.40 0.60 0.12 0.20 0.80 0.15 0.00 1.00
1995 0.197 0.57 0.80 0.20 0.13 0.40 0.60 0.14 0.20 0.80 0.16 0.00 1.00 0.193 0.57 0.80 0.20 0.13 0.40 0.60 0.14 0.20 0.80 0.16 0.00 1.00 0.198 0.59 0.80 0.20 0.13 0.40 0.60 0.12 0.20 0.80 0.17 0.00 1.00
1996 0.206 0.55 0.80 0.20 0.13 0.40 0.60 0.15 0.20 0.80 0.17 0.00 1.00 0.203 0.55 0.80 0.20 0.13 0.40 0.60 0.15 0.20 0.80 0.17 0.00 1.00 0.209 0.57 0.80 0.20 0.13 0.40 0.60 0.12 0.20 0.80 0.18 0.00 1.00
1997 0.215 0.53 0.80 0.20 0.13 0.40 0.60 0.16 0.20 0.80 0.18 0.00 1.00 0.212 0.53 0.80 0.20 0.13 0.40 0.60 0.16 0.20 0.80 0.18 0.00 1.00 0.219 0.55 0.80 0.20 0.14 0.40 0.60 0.12 0.20 0.80 0.19 0.00 1.00
1998 0.225 0.51 0.80 0.20 0.14 0.40 0.60 0.16 0.20 0.80 0.19 0.00 1.00 0.222 0.51 0.80 0.20 0.14 0.40 0.60 0.16 0.20 0.80 0.19 0.00 1.00 0.229 0.53 0.80 0.20 0.14 0.40 0.60 0.12 0.20 0.80 0.20 0.00 1.00
1999 0.234 0.49 0.80 0.20 0.14 0.40 0.60 0.17 0.20 0.80 0.20 0.00 1.00 0.232 0.49 0.80 0.20 0.14 0.40 0.60 0.17 0.20 0.80 0.20 0.00 1.00 0.240 0.52 0.80 0.20 0.15 0.40 0.60 0.12 0.20 0.80 0.21 0.00 1.00
2000 0.243 0.48 0.80 0.20 0.14 0.40 0.60 0.17 0.20 0.80 0.21 0.00 1.00 0.242 0.47 0.80 0.20 0.14 0.40 0.60 0.17 0.20 0.80 0.21 0.00 1.00 0.251 0.50 0.80 0.20 0.15 0.40 0.60 0.12 0.20 0.80 0.22 0.00 1.00
2001 0.252 0.46 0.80 0.20 0.14 0.40 0.60 0.18 0.20 0.80 0.22 0.00 1.00 0.252 0.45 0.80 0.20 0.14 0.40 0.60 0.18 0.20 0.80 0.22 0.00 1.00 0.262 0.49 0.80 0.20 0.16 0.40 0.60 0.12 0.20 0.80 0.23 0.00 1.00
2002 0.262 0.45 0.80 0.20 0.14 0.40 0.60 0.18 0.20 0.80 0.23 0.00 1.00 0.263 0.44 0.80 0.20 0.15 0.40 0.60 0.19 0.20 0.80 0.23 0.00 1.00 0.274 0.47 0.80 0.20 0.16 0.40 0.60 0.12 0.20 0.80 0.24 0.00 1.00
2003 0.272 0.43 0.80 0.20 0.15 0.40 0.60 0.19 0.20 0.80 0.24 0.00 1.00 0.274 0.42 0.80 0.20 0.15 0.40 0.60 0.19 0.20 0.80 0.24 0.00 1.00 0.286 0.46 0.80 0.20 0.16 0.40 0.60 0.12 0.20 0.80 0.25 0.00 1.00
2004 0.282 0.42 0.80 0.20 0.15 0.40 0.60 0.19 0.20 0.80 0.24 0.00 1.00 0.286 0.40 0.80 0.20 0.15 0.40 0.60 0.20 0.20 0.80 0.25 0.00 1.00 0.299 0.45 0.80 0.20 0.17 0.40 0.60 0.12 0.20 0.80 0.26 0.00 1.00
2005 0.293 0.40 0.80 0.20 0.15 0.40 0.60 0.20 0.20 0.80 0.25 0.00 1.00 0.298 0.38 0.80 0.20 0.15 0.40 0.60 0.20 0.20 0.80 0.26 0.00 1.00 0.313 0.43 0.80 0.20 0.17 0.40 0.60 0.12 0.20 0.80 0.27 0.00 1.00
2006 0.304 0.38 0.80 0.20 0.15 0.40 0.60 0.20 0.20 0.80 0.26 0.00 1.00 0.311 0.36 0.80 0.20 0.15 0.40 0.60 0.21 0.20 0.80 0.27 0.00 1.00 0.327 0.41 0.80 0.20 0.18 0.40 0.60 0.12 0.20 0.80 0.29 0.00 1.00
2007 0.316 0.37 0.80 0.20 0.15 0.40 0.60 0.21 0.20 0.80 0.27 0.00 1.00 0.325 0.35 0.80 0.20 0.16 0.40 0.60 0.21 0.20 0.80 0.29 0.00 1.00 0.343 0.40 0.80 0.20 0.18 0.40 0.60 0.12 0.20 0.80 0.30 0.00 1.00
2008 0.328 0.35 0.80 0.20 0.15 0.40 0.60 0.21 0.20 0.80 0.28 0.00 1.00 0.339 0.33 0.80 0.20 0.16 0.40 0.60 0.22 0.20 0.80 0.30 0.00 1.00 0.359 0.38 0.80 0.20 0.19 0.40 0.60 0.12 0.20 0.80 0.31 0.00 1.00
2009 0.341 0.34 0.80 0.20 0.16 0.40 0.60 0.22 0.20 0.80 0.29 0.00 1.00 0.355 0.31 0.80 0.20 0.16 0.40 0.60 0.22 0.20 0.80 0.31 0.00 1.00 0.377 0.36 0.80 0.20 0.19 0.40 0.60 0.12 0.20 0.80 0.33 0.00 1.00
2010 0.355 0.32 0.80 0.20 0.16 0.40 0.60 0.22 0.20 0.80 0.31 0.00 1.00 0.372 0.29 0.80 0.20 0.16 0.40 0.60 0.23 0.20 0.80 0.32 0.00 1.00 0.396 0.35 0.80 0.20 0.20 0.40 0.60 0.12 0.20 0.80 0.34 0.00 1.00
2011 0.369 0.30 0.80 0.20 0.16 0.40 0.60 0.22 0.20 0.80 0.32 0.00 1.00 0.390 0.27 0.80 0.20 0.16 0.40 0.60 0.23 0.20 0.80 0.34 0.00 1.00 0.417 0.33 0.80 0.20 0.20 0.40 0.60 0.11 0.20 0.80 0.36 0.00 1.00
2012 0.385 0.28 0.80 0.20 0.16 0.40 0.60 0.23 0.20 0.80 0.33 0.00 1.00 0.409 0.25 0.80 0.20 0.16 0.40 0.60 0.24 0.20 0.80 0.35 0.00 1.00 0.440 0.31 0.80 0.20 0.20 0.40 0.60 0.11 0.20 0.80 0.38 0.00 1.00
2013 0.401 0.27 0.80 0.20 0.16 0.40 0.60 0.23 0.20 0.80 0.34 0.00 1.00 0.430 0.23 0.80 0.20 0.16 0.40 0.60 0.24 0.20 0.80 0.37 0.00 1.00 0.466 0.29 0.80 0.20 0.21 0.40 0.60 0.11 0.20 0.80 0.40 0.00 1.00
2014 0.419 0.25 0.80 0.20 0.16 0.40 0.60 0.24 0.20 0.80 0.36 0.00 1.00 0.454 0.21 0.80 0.20 0.16 0.40 0.60 0.25 0.20 0.80 0.39 0.00 1.00 0.493 0.27 0.80 0.20 0.21 0.40 0.60 0.10 0.20 0.80 0.42 0.00 1.00
2015 0.438 0.23 0.80 0.20 0.16 0.40 0.60 0.24 0.20 0.80 0.37 0.00 1.00 0.479 0.18 0.80 0.20 0.15 0.40 0.60 0.25 0.20 0.80 0.41 0.00 1.00 0.524 0.24 0.80 0.20 0.21 0.40 0.60 0.10 0.20 0.80 0.44 0.00 1.00
2016 0.459 0.21 0.80 0.20 0.15 0.40 0.60 0.25 0.20 0.80 0.39 0.00 1.00 0.507 0.16 0.80 0.20 0.15 0.40 0.60 0.26 0.20 0.80 0.43 0.00 1.00 0.558 0.22 0.80 0.20 0.22 0.40 0.60 0.10 0.20 0.80 0.47 0.00 1.00
2017 0.481 0.19 0.80 0.20 0.15 0.40 0.60 0.25 0.20 0.80 0.40 0.00 1.00 0.537 0.14 0.80 0.20 0.14 0.40 0.60 0.26 0.20 0.80 0.45 0.00 1.00 0.595 0.20 0.80 0.20 0.22 0.40 0.60 0.09 0.20 0.80 0.49 0.00 1.00
2018 0.505 0.18 0.80 0.20 0.15 0.40 0.60 0.25 0.20 0.80 0.42 0.00 1.00 0.571 0.12 0.80 0.20 0.14 0.40 0.60 0.26 0.20 0.80 0.48 0.00 1.00 0.638 0.17 0.80 0.20 0.22 0.40 0.60 0.09 0.20 0.80 0.52 0.00 1.00
2019 0.531 0.16 0.80 0.20 0.15 0.40 0.60 0.26 0.20 0.80 0.44 0.00 1.00 0.609 0.10 0.80 0.20 0.13 0.40 0.60 0.27 0.20 0.80 0.51 0.00 1.00 0.684 0.15 0.80 0.20 0.22 0.40 0.60 0.08 0.20 0.80 0.56 0.00 1.00
2020 0.561 0.14 0.80 0.20 0.14 0.40 0.60 0.26 0.20 0.80 0.46 0.00 1.00 0.653 0.08 0.80 0.20 0.12 0.40 0.60 0.26 0.20 0.80 0.54 0.00 1.00 0.737 0.12 0.80 0.20 0.21 0.40 0.60 0.07 0.20 0.80 0.60 0.00 1.00
2021 0.591 0.12 0.80 0.20 0.14 0.40 0.60 0.26 0.20 0.80 0.48 0.00 1.00 0.697 0.06 0.80 0.20 0.11 0.40 0.60 0.26 0.20 0.80 0.57 0.00 1.00 0.800 0.09 0.80 0.20 0.20 0.40 0.60 0.07 0.20 0.80 0.64 0.00 1.00
2022 0.627 0.10 0.80 0.20 0.13 0.40 0.60 0.26 0.20 0.80 0.51 0.00 1.00 0.750 0.04 0.80 0.20 0.09 0.40 0.60 0.26 0.20 0.80 0.61 0.00 1.00 1.000 0.07 0.80 0.20 0.19 0.40 0.60 0.06 0.20 0.80 0.68 0.00 1.00
2023 0.660 0.08 0.80 0.20 0.12 0.40 0.60 0.26 0.20 0.80 0.53 0.00 1.00 0.778 0.03 0.80 0.20 0.08 0.40 0.60 0.24 0.20 0.80 0.65 0.00 1.00 0.04 0.80 0.20 0.17 0.40 0.60 0.05 0.20 0.80 0.74 0.00 1.00
2024 0.722 0.07 0.80 0.20 0.11 0.40 0.60 0.26 0.20 0.80 0.56 0.00 1.00 1.000 0.02 0.80 0.20 0.06 0.40 0.60 0.23 0.20 0.80 0.70 0.00 1.00 0.04 0.80 0.20 0.12 0.40 0.60 0.04 0.20 0.80 0.80 0.00 1.00
2025 0.800 0.05 0.80 0.20 0.10 0.40 0.60 0.26 0.20 0.80 0.59 0.00 1.00 0.00 0.80 0.20 0.06 0.40 0.60 0.19 0.20 0.80 0.75 0.00 1.00 0.00 0.80 0.20 0.20 0.40 0.60 0.00 0.20 0.80 0.80 0.00 1.00
2026 1.000 0.03 0.80 0.20 0.09 0.40 0.60 0.25 0.20 0.80 0.63 0.00 1.00 0.00 0.80 0.20 0.00 0.40 0.60 0.22 0.20 0.80 0.78 0.00 1.00 0.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 1.00 0.00 1.00
2027 0.02 0.80 0.20 0.07 0.40 0.60 0.23 0.20 0.80 0.67 0.00 1.00 0.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 1.00 0.00 1.00
2028 0.00 0.80 0.20 0.07 0.40 0.60 0.21 0.20 0.80 0.71 0.00 1.00
2029 0.00 0.80 0.20 0.00 0.40 0.60 0.25 0.20 0.80 0.75 0.00 1.00
2030 0.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 1.00 0.00 1.00
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040

Low Traffic Forcast
Emsworth L&D - Main Chamber Vertically Framed Miter Gates

Hazard 
Rate h(t)

Year Branch Probability Branch Probability Branch ProbabilityHazard 
Rate h(t)

Hazard 
Rate h(t)

Median Traffic Forecast High Traffic Forecast

EDM NIM Miter Gate Data Input-rev-1.xls EMS MC Miter Gate 6/1/2010



Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Main Chamber Miter Gate Models
Hazard Rates and Branch Probabilities

p1(t) p'1,1 p'1,2 p2(t) p'2,1 p'2,2 p3(t) p'3,1 p'3,2 p4(t) p'4,1 p'4,2 p1(t) p'1,1 p'1,2 p2(t) p'2,1 p'2,2 p3(t) p'3,1 p'3,2 p4(t) p'4,1 p'4,2 p1(t) p'1,1 p'1,2 p2(t) p'2,1 p'2,2 p3(t) p'3,1 p'3,2 p4(t) p'4,1 p'4,2

1991 0.015 1.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.011 1.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.007 1.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00
1992 0.018 1.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.016 1.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.012 0.99 0.80 0.20 0.01 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00
1993 0.019 0.98 0.80 0.20 0.02 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.018 0.99 0.80 0.20 0.01 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.015 0.98 0.80 0.20 0.01 0.40 0.60 0.01 0.20 0.80 0.00 0.00 1.00
1994 0.020 0.97 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.00 0.00 1.00 0.020 0.97 0.80 0.20 0.02 0.40 0.60 0.01 0.20 0.80 0.00 0.00 1.00 0.017 0.97 0.80 0.20 0.01 0.40 0.60 0.01 0.20 0.80 0.01 0.00 1.00
1995 0.020 0.95 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.021 0.96 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.01 0.00 1.00 0.019 0.96 0.80 0.20 0.02 0.40 0.60 0.01 0.20 0.80 0.01 0.00 1.00
1996 0.021 0.94 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.022 0.95 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.020 0.95 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00
1997 0.021 0.94 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.023 0.94 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.022 0.95 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00
1998 0.022 0.94 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.024 0.94 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.023 0.94 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00
1999 0.022 0.94 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.024 0.94 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.024 0.94 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00
2000 0.022 0.94 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.025 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.025 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00
2001 0.023 0.94 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.026 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.026 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00
2002 0.023 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.026 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.027 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00
2003 0.023 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.027 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.028 0.93 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00
2004 0.023 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.028 0.93 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.029 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00
2005 0.024 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.028 0.93 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.030 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00
2006 0.024 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.029 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.030 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00
2007 0.024 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.029 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.031 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00
2008 0.024 0.93 0.80 0.20 0.02 0.40 0.60 0.02 0.20 0.80 0.02 0.00 1.00 0.030 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.032 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00
2009 0.025 0.93 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.02 0.00 1.00 0.030 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.033 0.91 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00
2010 0.025 0.93 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.02 0.00 1.00 0.031 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.033 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00
2011 0.025 0.93 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.02 0.00 1.00 0.031 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.034 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00
2012 0.025 0.93 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.02 0.00 1.00 0.032 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.035 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00
2013 0.025 0.93 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.02 0.00 1.00 0.032 0.91 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.036 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00
2014 0.026 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.02 0.00 1.00 0.033 0.91 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.037 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00
2015 0.026 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.02 0.00 1.00 0.033 0.91 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.037 0.90 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.04 0.00 1.00
2016 0.026 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.034 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.038 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00
2017 0.026 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.034 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.039 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00
2018 0.027 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.035 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.040 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00
2019 0.027 0.92 0.80 0.20 0.02 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.035 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.040 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00
2020 0.027 0.92 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.036 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.041 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00
2021 0.027 0.92 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.036 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.042 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00
2022 0.027 0.92 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.037 0.90 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.04 0.00 1.00 0.043 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00
2023 0.028 0.92 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.037 0.90 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.04 0.00 1.00 0.044 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00
2024 0.028 0.92 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.038 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.044 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00
2025 0.028 0.92 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.038 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.045 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00
2026 0.028 0.92 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.039 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.046 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00
2027 0.028 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.039 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.047 0.88 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00
2028 0.029 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.040 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.048 0.88 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.05 0.00 1.00
2029 0.029 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.041 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.049 0.88 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.05 0.00 1.00
2030 0.029 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.041 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.050 0.88 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00
2031 0.029 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.042 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.051 0.88 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00
2032 0.030 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.042 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.052 0.88 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00
2033 0.030 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.043 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.053 0.87 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00
2034 0.030 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.044 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.054 0.87 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00
2035 0.030 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.044 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.055 0.87 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00
2036 0.030 0.91 0.80 0.20 0.03 0.40 0.60 0.03 0.20 0.80 0.03 0.00 1.00 0.045 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.056 0.87 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00
2037 0.031 0.91 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.045 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.057 0.87 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00
2038 0.031 0.91 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.046 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.058 0.86 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00
2039 0.031 0.91 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.047 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.04 0.00 1.00 0.059 0.86 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.06 0.00 1.00
2040 0.031 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.047 0.88 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.05 0.00 1.00 0.060 0.86 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.06 0.00 1.00
2041 0.032 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.048 0.88 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.05 0.00 1.00 0.062 0.86 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.06 0.00 1.00
2042 0.032 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.049 0.88 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00 0.063 0.86 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.06 0.00 1.00
2043 0.032 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.050 0.88 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00 0.064 0.85 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.06 0.00 1.00
2044 0.032 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.050 0.88 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00 0.066 0.85 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.06 0.00 1.00
2045 0.033 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.051 0.88 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00 0.067 0.85 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.06 0.00 1.00
2046 0.033 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.052 0.88 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00 0.068 0.85 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.06 0.00 1.00
2047 0.033 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.053 0.87 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00 0.070 0.84 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.07 0.00 1.00
2048 0.033 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.054 0.87 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00 0.072 0.84 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.07 0.00 1.00
2049 0.034 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.055 0.87 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00 0.073 0.84 0.80 0.20 0.03 0.40 0.60 0.07 0.20 0.80 0.07 0.00 1.00
2050 0.034 0.90 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.055 0.87 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00 0.075 0.83 0.80 0.20 0.03 0.40 0.60 0.07 0.20 0.80 0.07 0.00 1.00
2051 0.034 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.056 0.87 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00 0.077 0.83 0.80 0.20 0.03 0.40 0.60 0.07 0.20 0.80 0.07 0.00 1.00
2052 0.034 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.057 0.87 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.05 0.00 1.00 0.079 0.83 0.80 0.20 0.03 0.40 0.60 0.07 0.20 0.80 0.07 0.00 1.00
2053 0.035 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.058 0.87 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.06 0.00 1.00 0.080 0.83 0.80 0.20 0.03 0.40 0.60 0.07 0.20 0.80 0.07 0.00 1.00
2054 0.035 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.059 0.86 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.06 0.00 1.00 0.083 0.82 0.80 0.20 0.03 0.40 0.60 0.07 0.20 0.80 0.08 0.00 1.00
2055 0.035 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.060 0.86 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.06 0.00 1.00 0.085 0.82 0.80 0.20 0.03 0.40 0.60 0.07 0.20 0.80 0.08 0.00 1.00
2056 0.036 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.061 0.86 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.06 0.00 1.00 0.087 0.82 0.80 0.20 0.03 0.40 0.60 0.08 0.20 0.80 0.08 0.00 1.00
2057 0.036 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.062 0.86 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.06 0.00 1.00 0.089 0.81 0.80 0.20 0.03 0.40 0.60 0.08 0.20 0.80 0.08 0.00 1.00
2058 0.036 0.89 0.80 0.20 0.03 0.40 0.60 0.04 0.20 0.80 0.03 0.00 1.00 0.064 0.86 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.06 0.00 1.00 0.092 0.81 0.80 0.20 0.03 0.40 0.60 0.08 0.20 0.80 0.08 0.00 1.00
2059 0.036 0.89 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.03 0.00 1.00 0.065 0.85 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.06 0.00 1.00 0.094 0.80 0.80 0.20 0.03 0.40 0.60 0.08 0.20 0.80 0.09 0.00 1.00
2060 0.037 0.89 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.04 0.00 1.00 0.066 0.85 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.06 0.00 1.00 0.097 0.80 0.80 0.20 0.03 0.40 0.60 0.08 0.20 0.80 0.09 0.00 1.00
2061 0.037 0.88 0.80 0.20 0.03 0.40 0.60 0.05 0.20 0.80 0.04 0.00 1.00 0.067 0.85 0.80 0.20 0.03 0.40 0.60 0.06 0.20 0.80 0.06 0.00 1.00 0.100 0.80 0.80 0.20 0.03 0.40 0.60 0.09 0.20 0.80 0.09 0.00 1.00

High Traffic ForecastLow Traffic Forcast
Dashields L&D - Main Chamber Vertically Framed Miter Gates

Hazard 
Rate h(t)

Year Branch Probability Branch Probability Branch ProbabilityHazard 
Rate h(t)

Hazard 
Rate h(t)

Median Traffic Forecast

EDM NIM Miter Gate Data Input-rev-1.xls DSH MC Miter Gate 6/1/2010



Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Main Chamber Miter Gate Models
Hazard Rates and Branch Probabilities

p1(t) p'1,1 p'1,2 p2(t) p'2,1 p'2,2 p3(t) p'3,1 p'3,2 p4(t) p'4,1 p'4,2 p1(t) p'1,1 p'1,2 p2(t) p'2,1 p'2,2 p3(t) p'3,1 p'3,2 p4(t) p'4,1 p'4,2 p1(t) p'1,1 p'1,2 p2(t) p'2,1 p'2,2 p3(t) p'3,1 p'3,2 p4(t) p'4,1 p'4,2

1990 0.052 1.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.029 1.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.049 1.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00
1991 0.079 1.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.061 0.97 0.80 0.20 0.03 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.076 0.95 0.80 0.20 0.05 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00
1992 0.093 0.95 0.80 0.20 0.05 0.40 0.60 0.00 0.20 0.80 0.00 0.00 1.00 0.080 0.91 0.80 0.20 0.06 0.40 0.60 0.03 0.20 0.80 0.00 0.00 1.00 0.090 0.88 0.80 0.20 0.07 0.40 0.60 0.05 0.20 0.80 0.00 0.00 1.00
1993 0.102 0.85 0.80 0.20 0.09 0.40 0.60 0.05 0.20 0.80 0.00 0.00 1.00 0.095 0.84 0.80 0.20 0.07 0.40 0.60 0.06 0.20 0.80 0.03 0.00 1.00 0.100 0.80 0.80 0.20 0.08 0.40 0.60 0.07 0.20 0.80 0.05 0.00 1.00
1994 0.109 0.75 0.80 0.20 0.10 0.40 0.60 0.09 0.20 0.80 0.05 0.00 1.00 0.108 0.78 0.80 0.20 0.08 0.40 0.60 0.08 0.20 0.80 0.06 0.00 1.00 0.108 0.76 0.80 0.20 0.08 0.40 0.60 0.08 0.20 0.80 0.08 0.00 1.00
1995 0.115 0.69 0.80 0.20 0.11 0.40 0.60 0.11 0.20 0.80 0.09 0.00 1.00 0.118 0.74 0.80 0.20 0.08 0.40 0.60 0.09 0.20 0.80 0.08 0.00 1.00 0.115 0.73 0.80 0.20 0.09 0.40 0.60 0.09 0.20 0.80 0.09 0.00 1.00
1996 0.120 0.65 0.80 0.20 0.11 0.40 0.60 0.12 0.20 0.80 0.12 0.00 1.00 0.127 0.72 0.80 0.20 0.09 0.40 0.60 0.10 0.20 0.80 0.10 0.00 1.00 0.121 0.71 0.80 0.20 0.09 0.40 0.60 0.10 0.20 0.80 0.10 0.00 1.00
1997 0.125 0.62 0.80 0.20 0.11 0.40 0.60 0.13 0.20 0.80 0.13 0.00 1.00 0.135 0.69 0.80 0.20 0.09 0.40 0.60 0.11 0.20 0.80 0.11 0.00 1.00 0.127 0.69 0.80 0.20 0.10 0.40 0.60 0.10 0.20 0.80 0.11 0.00 1.00
1998 0.129 0.60 0.80 0.20 0.12 0.40 0.60 0.14 0.20 0.80 0.14 0.00 1.00 0.143 0.67 0.80 0.20 0.09 0.40 0.60 0.11 0.20 0.80 0.12 0.00 1.00 0.133 0.68 0.80 0.20 0.10 0.40 0.60 0.11 0.20 0.80 0.11 0.00 1.00
1999 0.133 0.58 0.80 0.20 0.12 0.40 0.60 0.15 0.20 0.80 0.15 0.00 1.00 0.151 0.66 0.80 0.20 0.09 0.40 0.60 0.12 0.20 0.80 0.13 0.00 1.00 0.139 0.66 0.80 0.20 0.10 0.40 0.60 0.11 0.20 0.80 0.12 0.00 1.00
2000 0.137 0.56 0.80 0.20 0.12 0.40 0.60 0.16 0.20 0.80 0.16 0.00 1.00 0.158 0.64 0.80 0.20 0.09 0.40 0.60 0.13 0.20 0.80 0.14 0.00 1.00 0.144 0.65 0.80 0.20 0.10 0.40 0.60 0.12 0.20 0.80 0.13 0.00 1.00
2001 0.141 0.55 0.80 0.20 0.12 0.40 0.60 0.16 0.20 0.80 0.17 0.00 1.00 0.165 0.63 0.80 0.20 0.09 0.40 0.60 0.13 0.20 0.80 0.15 0.00 1.00 0.150 0.64 0.80 0.20 0.11 0.40 0.60 0.12 0.20 0.80 0.13 0.00 1.00
2002 0.145 0.53 0.80 0.20 0.12 0.40 0.60 0.17 0.20 0.80 0.17 0.00 1.00 0.171 0.61 0.80 0.20 0.09 0.40 0.60 0.14 0.20 0.80 0.15 0.00 1.00 0.156 0.63 0.80 0.20 0.11 0.40 0.60 0.12 0.20 0.80 0.14 0.00 1.00
2003 0.148 0.52 0.80 0.20 0.13 0.40 0.60 0.18 0.20 0.80 0.18 0.00 1.00 0.178 0.60 0.80 0.20 0.09 0.40 0.60 0.14 0.20 0.80 0.16 0.00 1.00 0.161 0.61 0.80 0.20 0.11 0.40 0.60 0.13 0.20 0.80 0.14 0.00 1.00
2004 0.152 0.51 0.80 0.20 0.13 0.40 0.60 0.18 0.20 0.80 0.19 0.00 1.00 0.185 0.59 0.80 0.20 0.09 0.40 0.60 0.15 0.20 0.80 0.17 0.00 1.00 0.167 0.60 0.80 0.20 0.12 0.40 0.60 0.13 0.20 0.80 0.15 0.00 1.00
2005 0.156 0.49 0.80 0.20 0.13 0.40 0.60 0.19 0.20 0.80 0.19 0.00 1.00 0.192 0.58 0.80 0.20 0.09 0.40 0.60 0.15 0.20 0.80 0.18 0.00 1.00 0.173 0.59 0.80 0.20 0.12 0.40 0.60 0.14 0.20 0.80 0.16 0.00 1.00
2006 0.159 0.48 0.80 0.20 0.13 0.40 0.60 0.19 0.20 0.80 0.20 0.00 1.00 0.199 0.57 0.80 0.20 0.09 0.40 0.60 0.16 0.20 0.80 0.18 0.00 1.00 0.180 0.58 0.80 0.20 0.12 0.40 0.60 0.14 0.20 0.80 0.16 0.00 1.00
2007 0.163 0.47 0.80 0.20 0.13 0.40 0.60 0.20 0.20 0.80 0.20 0.00 1.00 0.206 0.56 0.80 0.20 0.09 0.40 0.60 0.16 0.20 0.80 0.19 0.00 1.00 0.186 0.56 0.80 0.20 0.12 0.40 0.60 0.14 0.20 0.80 0.17 0.00 1.00
2008 0.167 0.46 0.80 0.20 0.13 0.40 0.60 0.20 0.20 0.80 0.21 0.00 1.00 0.213 0.55 0.80 0.20 0.09 0.40 0.60 0.16 0.20 0.80 0.20 0.00 1.00 0.193 0.55 0.80 0.20 0.13 0.40 0.60 0.15 0.20 0.80 0.17 0.00 1.00
2009 0.171 0.45 0.80 0.20 0.13 0.40 0.60 0.21 0.20 0.80 0.21 0.00 1.00 0.220 0.54 0.80 0.20 0.09 0.40 0.60 0.17 0.20 0.80 0.20 0.00 1.00 0.201 0.54 0.80 0.20 0.13 0.40 0.60 0.15 0.20 0.80 0.18 0.00 1.00
2010 0.175 0.43 0.80 0.20 0.13 0.40 0.60 0.22 0.20 0.80 0.22 0.00 1.00 0.228 0.53 0.80 0.20 0.09 0.40 0.60 0.17 0.20 0.80 0.21 0.00 1.00 0.208 0.52 0.80 0.20 0.13 0.40 0.60 0.16 0.20 0.80 0.19 0.00 1.00
2011 0.179 0.42 0.80 0.20 0.13 0.40 0.60 0.22 0.20 0.80 0.22 0.00 1.00 0.236 0.51 0.80 0.20 0.09 0.40 0.60 0.18 0.20 0.80 0.22 0.00 1.00 0.216 0.51 0.80 0.20 0.13 0.40 0.60 0.16 0.20 0.80 0.19 0.00 1.00
2012 0.183 0.41 0.80 0.20 0.13 0.40 0.60 0.23 0.20 0.80 0.23 0.00 1.00 0.245 0.50 0.80 0.20 0.09 0.40 0.60 0.18 0.20 0.80 0.23 0.00 1.00 0.225 0.50 0.80 0.20 0.14 0.40 0.60 0.17 0.20 0.80 0.20 0.00 1.00
2013 0.187 0.40 0.80 0.20 0.13 0.40 0.60 0.23 0.20 0.80 0.23 0.00 1.00 0.253 0.49 0.80 0.20 0.09 0.40 0.60 0.19 0.20 0.80 0.24 0.00 1.00 0.234 0.48 0.80 0.20 0.14 0.40 0.60 0.17 0.20 0.80 0.21 0.00 1.00
2014 0.191 0.39 0.80 0.20 0.13 0.40 0.60 0.24 0.20 0.80 0.24 0.00 1.00 0.263 0.48 0.80 0.20 0.08 0.40 0.60 0.19 0.20 0.80 0.24 0.00 1.00 0.244 0.46 0.80 0.20 0.14 0.40 0.60 0.18 0.20 0.80 0.22 0.00 1.00
2015 0.195 0.38 0.80 0.20 0.13 0.40 0.60 0.24 0.20 0.80 0.25 0.00 1.00 0.272 0.47 0.80 0.20 0.08 0.40 0.60 0.20 0.20 0.80 0.25 0.00 1.00 0.255 0.45 0.80 0.20 0.14 0.40 0.60 0.18 0.20 0.80 0.23 0.00 1.00
2016 0.200 0.37 0.80 0.20 0.13 0.40 0.60 0.25 0.20 0.80 0.25 0.00 1.00 0.282 0.46 0.80 0.20 0.08 0.40 0.60 0.20 0.20 0.80 0.26 0.00 1.00 0.266 0.43 0.80 0.20 0.15 0.40 0.60 0.19 0.20 0.80 0.23 0.00 1.00
2017 0.205 0.35 0.80 0.20 0.13 0.40 0.60 0.26 0.20 0.80 0.26 0.00 1.00 0.293 0.44 0.80 0.20 0.08 0.40 0.60 0.21 0.20 0.80 0.27 0.00 1.00 0.278 0.41 0.80 0.20 0.15 0.40 0.60 0.19 0.20 0.80 0.24 0.00 1.00
2018 0.210 0.34 0.80 0.20 0.13 0.40 0.60 0.26 0.20 0.80 0.26 0.00 1.00 0.305 0.43 0.80 0.20 0.08 0.40 0.60 0.21 0.20 0.80 0.28 0.00 1.00 0.292 0.39 0.80 0.20 0.15 0.40 0.60 0.20 0.20 0.80 0.25 0.00 1.00
2019 0.215 0.33 0.80 0.20 0.13 0.40 0.60 0.27 0.20 0.80 0.27 0.00 1.00 0.317 0.42 0.80 0.20 0.08 0.40 0.60 0.22 0.20 0.80 0.29 0.00 1.00 0.306 0.38 0.80 0.20 0.15 0.40 0.60 0.20 0.20 0.80 0.27 0.00 1.00
2020 0.220 0.32 0.80 0.20 0.13 0.40 0.60 0.27 0.20 0.80 0.28 0.00 1.00 0.330 0.40 0.80 0.20 0.07 0.40 0.60 0.22 0.20 0.80 0.30 0.00 1.00 0.322 0.35 0.80 0.20 0.16 0.40 0.60 0.21 0.20 0.80 0.28 0.00 1.00
2021 0.225 0.31 0.80 0.20 0.13 0.40 0.60 0.28 0.20 0.80 0.28 0.00 1.00 0.344 0.39 0.80 0.20 0.07 0.40 0.60 0.23 0.20 0.80 0.32 0.00 1.00 0.339 0.33 0.80 0.20 0.16 0.40 0.60 0.22 0.20 0.80 0.29 0.00 1.00
2022 0.231 0.30 0.80 0.20 0.13 0.40 0.60 0.28 0.20 0.80 0.29 0.00 1.00 0.359 0.37 0.80 0.20 0.07 0.40 0.60 0.23 0.20 0.80 0.33 0.00 1.00 0.359 0.31 0.80 0.20 0.16 0.40 0.60 0.22 0.20 0.80 0.31 0.00 1.00
2023 0.237 0.28 0.80 0.20 0.13 0.40 0.60 0.29 0.20 0.80 0.30 0.00 1.00 0.375 0.36 0.80 0.20 0.07 0.40 0.60 0.24 0.20 0.80 0.34 0.00 1.00 0.380 0.29 0.80 0.20 0.16 0.40 0.60 0.23 0.20 0.80 0.32 0.00 1.00
2024 0.243 0.27 0.80 0.20 0.13 0.40 0.60 0.30 0.20 0.80 0.30 0.00 1.00 0.393 0.34 0.80 0.20 0.06 0.40 0.60 0.24 0.20 0.80 0.36 0.00 1.00 0.404 0.26 0.80 0.20 0.16 0.40 0.60 0.24 0.20 0.80 0.34 0.00 1.00
2025 0.250 0.26 0.80 0.20 0.13 0.40 0.60 0.30 0.20 0.80 0.31 0.00 1.00 0.412 0.32 0.80 0.20 0.06 0.40 0.60 0.25 0.20 0.80 0.37 0.00 1.00 0.431 0.24 0.80 0.20 0.16 0.40 0.60 0.24 0.20 0.80 0.36 0.00 1.00
2026 0.256 0.25 0.80 0.20 0.13 0.40 0.60 0.31 0.20 0.80 0.32 0.00 1.00 0.434 0.30 0.80 0.20 0.06 0.40 0.60 0.25 0.20 0.80 0.39 0.00 1.00 0.461 0.21 0.80 0.20 0.16 0.40 0.60 0.25 0.20 0.80 0.38 0.00 1.00
2027 0.263 0.23 0.80 0.20 0.13 0.40 0.60 0.31 0.20 0.80 0.33 0.00 1.00 0.455 0.28 0.80 0.20 0.05 0.40 0.60 0.25 0.20 0.80 0.41 0.00 1.00 0.496 0.18 0.80 0.20 0.16 0.40 0.60 0.26 0.20 0.80 0.40 0.00 1.00
2028 0.271 0.22 0.80 0.20 0.13 0.40 0.60 0.32 0.20 0.80 0.33 0.00 1.00 0.480 0.26 0.80 0.20 0.05 0.40 0.60 0.26 0.20 0.80 0.43 0.00 1.00 0.536 0.15 0.80 0.20 0.15 0.40 0.60 0.26 0.20 0.80 0.43 0.00 1.00
2029 0.279 0.21 0.80 0.20 0.12 0.40 0.60 0.32 0.20 0.80 0.34 0.00 1.00 0.507 0.24 0.80 0.20 0.04 0.40 0.60 0.26 0.20 0.80 0.45 0.00 1.00 0.582 0.13 0.80 0.20 0.15 0.40 0.60 0.27 0.20 0.80 0.46 0.00 1.00
2030 0.287 0.20 0.80 0.20 0.12 0.40 0.60 0.33 0.20 0.80 0.35 0.00 1.00 0.538 0.22 0.80 0.20 0.04 0.40 0.60 0.26 0.20 0.80 0.48 0.00 1.00 0.634 0.10 0.80 0.20 0.14 0.40 0.60 0.27 0.20 0.80 0.50 0.00 1.00
2031 0.296 0.18 0.80 0.20 0.12 0.40 0.60 0.33 0.20 0.80 0.36 0.00 1.00 0.572 0.19 0.80 0.20 0.04 0.40 0.60 0.26 0.20 0.80 0.51 0.00 1.00 0.699 0.07 0.80 0.20 0.12 0.40 0.60 0.27 0.20 0.80 0.54 0.00 1.00
2032 0.305 0.17 0.80 0.20 0.12 0.40 0.60 0.34 0.20 0.80 0.37 0.00 1.00 0.608 0.17 0.80 0.20 0.03 0.40 0.60 0.26 0.20 0.80 0.54 0.00 1.00 0.766 0.05 0.80 0.20 0.11 0.40 0.60 0.27 0.20 0.80 0.58 0.00 1.00
2033 0.315 0.16 0.80 0.20 0.11 0.40 0.60 0.34 0.20 0.80 0.38 0.00 1.00 0.657 0.14 0.80 0.20 0.03 0.40 0.60 0.26 0.20 0.80 0.57 0.00 1.00 0.864 0.03 0.80 0.20 0.08 0.40 0.60 0.26 0.20 0.80 0.63 0.00 1.00
2034 0.325 0.15 0.80 0.20 0.11 0.40 0.60 0.35 0.20 0.80 0.39 0.00 1.00 0.696 0.11 0.80 0.20 0.02 0.40 0.60 0.25 0.20 0.80 0.61 0.00 1.00 1.000 0.01 0.80 0.20 0.06 0.40 0.60 0.23 0.20 0.80 0.70 0.00 1.00
2035 0.336 0.13 0.80 0.20 0.11 0.40 0.60 0.35 0.20 0.80 0.41 0.00 1.00 0.848 0.09 0.80 0.20 0.01 0.40 0.60 0.25 0.20 0.80 0.65 0.00 1.00 0.00 0.80 0.20 0.03 0.40 0.60 0.20 0.20 0.80 0.77 0.00 1.00
2036 0.348 0.12 0.80 0.20 0.10 0.40 0.60 0.36 0.20 0.80 0.42 0.00 1.00 1.000 0.07 0.80 0.20 0.00 0.40 0.60 0.21 0.20 0.80 0.71 0.00 1.00 0.00 0.80 0.20 0.00 0.40 0.60 0.14 0.20 0.80 0.86 0.00 1.00
2037 0.361 0.11 0.80 0.20 0.10 0.40 0.60 0.36 0.20 0.80 0.43 0.00 1.00 0.00 0.80 0.20 0.00 0.40 0.60 0.25 0.20 0.80 0.75 0.00 1.00 0.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 1.00 0.00 1.00
2038 0.374 0.10 0.80 0.20 0.09 0.40 0.60 0.36 0.20 0.80 0.45 0.00 1.00 0.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 1.00 0.00 1.00
2039 0.389 0.09 0.80 0.20 0.09 0.40 0.60 0.36 0.20 0.80 0.46 0.00 1.00
2040 0.404 0.08 0.80 0.20 0.08 0.40 0.60 0.36 0.20 0.80 0.48 0.00 1.00
2041 0.421 0.06 0.80 0.20 0.08 0.40 0.60 0.36 0.20 0.80 0.49 0.00 1.00
2042 0.438 0.05 0.80 0.20 0.07 0.40 0.60 0.36 0.20 0.80 0.51 0.00 1.00
2043 0.463 0.05 0.80 0.20 0.07 0.40 0.60 0.36 0.20 0.80 0.53 0.00 1.00
2044 0.479 0.04 0.80 0.20 0.06 0.40 0.60 0.35 0.20 0.80 0.55 0.00 1.00
2045 0.500 0.03 0.80 0.20 0.05 0.40 0.60 0.35 0.20 0.80 0.57 0.00 1.00
2046 0.526 0.02 0.80 0.20 0.05 0.40 0.60 0.34 0.20 0.80 0.59 0.00 1.00
2047 0.556 0.02 0.80 0.20 0.04 0.40 0.60 0.33 0.20 0.80 0.62 0.00 1.00
2048 0.778 0.01 0.80 0.20 0.03 0.40 0.60 0.31 0.20 0.80 0.65 0.00 1.00
2049 1.000 0.01 0.80 0.20 0.02 0.40 0.60 0.29 0.20 0.80 0.67 0.00 1.00
2050 0.00 0.80 0.20 0.02 0.40 0.60 0.27 0.20 0.80 0.70 0.00 1.00
2051 0.00 0.80 0.20 0.01 0.40 0.60 0.25 0.20 0.80 0.74 0.00 1.00
2052 0.00 0.80 0.20 0.01 0.40 0.60 0.22 0.20 0.80 0.77 0.00 1.00
2053 0.00 0.80 0.20 0.00 0.40 0.60 0.19 0.20 0.80 0.81 0.00 1.00
2054 0.00 0.80 0.20 0.00 0.40 0.60 0.15 0.20 0.80 0.85 0.00 1.00
2055 0.00 0.80 0.20 0.00 0.40 0.60 0.11 0.20 0.80 0.89 0.00 1.00
2056 0.00 0.80 0.20 0.00 0.40 0.60 0.08 0.20 0.80 0.92 0.00 1.00
2057 0.00 0.80 0.20 0.00 0.40 0.60 0.00 0.20 0.80 1.00 0.00 1.00
2058
2059
2060
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Montgomery L&D - Main Chamber Vertically Framed Miter Gates
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Summary of Random Variable and their Distribution Used within the Reliability Analysis
Vertically Framed Miter Gates

Additional information for the miter gate reliability analysis  is contained within Reference Report #91.
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ATTACHMENT – 3 
 

EMSWORTH FILLING AND EMPTYING VAVLES  
 

EVENT TREES AND HAZARD FUNCTIONS 



                 Emsworth Locks and Dams 
Multiple Circular Butterfly Filling and Emptying Valves - Main Chamber
                           Event Tree

ACTION COMPONENT RELIABILITY
COMPONENT EVENT CONSEQUENCE REACTION COST DURATION EFFECT

1 - h(t)

No Failure           No Consequence No Action Taken $0 0 Decreased 1-year

Number of valves out of service not exceeding minimum
At least 8 valves remain in operational
8 (or greater) of 14 filling valves in operation (less than 6 of 14 filling valves non-operational)
8 (or greater) of 15 emptying valves in operation (less than 7 of 15 valves non-operational)

Multiple Round 
Filling and 

Emptying Valves

Renovate Filling Valves (withou
chamber dewatering)

Perform Repair (See Tab "Renovate 
MC Filling Valves") $1,960,000 30 days

Improve reliability hazard by
half the number of years 
when failure occurred.

Main chamber open, but with navigation restrictions
Aux chamber closed.

Restrictions - Barge width reduced, double chamber filling times

Renovate Filling Valves (with 
chamber dewatering) (this scenario is impossible because it would shut down both the main and the auxiliary chambers)

h(t)
Valve Failures

Event Exceed Min.
Number of Failures

6 of 14 filling valves non-operational

7 of 15 emptying valves non-operational

Renovate Emptying Valves 
(with chamber dewatering)

Perform Repair (See Tab "Renovate 
MC Emptying Valves") $1,230,000 15 days

Improve reliability hazard by
half the number of years 
when failure occurred.

Main chamber closed.
Aux chamber open.

Consequences - Filling and Emptying Valves.xls MC Event Tree 3/3/2009



                 Emsworth Locks and Dams 
Multiple Circular Butterfly Filling and Emptying Valves - Auxiliary Chamber
                           Event Tree

ACTION COMPONENT RELIABILITY
COMPONENT EVENT CONSEQUENCE REACTION COST DURATION EFFECT

1 - h(t)

No Failure           No Consequence No Action Taken $0 0 Decreased 1-year

Number of valves out of service not exceeding minimum
At least 3 valves remain in operational
3 (or greater) of 6 filling valves in operation (less than 3 of 6 filling valves non-operational)
3 (or greater) of 6 emptying valves in operation (less than 3 of 6 valves non-operational)

Multiple Round 
Filling and 

Emptying Valves

Renovate Filling Valves (with 
chamber dewatering)

Perform Repair (See Tab "Renovate 
Aux Valves") $2,210,000 30 days

Improve reliability hazard by
half the number of years 
when failure occurred.

h(t) Main chamber open
Valve Failures Aux chamber closed 

Event Exceed Min.
Number of Failures

3 of 6 filling valves non-operational

3 of 6 emptying valves non-operational

Renovate Emptying Valves 
(with chamber dewatering)

Perform Repair (See Tab "Renovate 
Aux Valves") $2,210,000 30 days

Improve reliability hazard by
half the number of years 
when failure occurred.

Main chamber open
Aux chamber closed 

Consequences - Filling and Emptying Valves.xls Aux Event Tree 3/3/2009



Upper Ohio River Navigation Study
Pittsburgh District

Emsworth, Dashields and Montgomery
NIM Input Data

Main Chamber Emsworth Filling and Emptying Valves
Hazard Rates

Low Traffic 
Forecast

Median Traffic 
Forecast

High Traffic 
Forecast

Low Traffic 
Forecast

Median Traffic 
Forecast

High Traffic 
Forecast

Low Traffic 
Forecast

Median Traffic 
Forecast

High Traffic 
Forecast

Low Traffic 
Forecast

Median Traffic 
Forecast

High Traffic 
Forecast

2008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2011 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
2012 0.000 0.000 0.000 0.002 0.004 0.009 0.000 0.000 0.000 0.000 0.000 0.000
2013 0.000 0.000 0.000 0.009 0.024 0.042 0.000 0.000 0.000 0.000 0.000 0.000
2014 0.000 0.000 0.000 0.037 0.082 0.156 0.000 0.000 0.000 0.000 0.000 0.000
2015 0.000 0.000 0.000 0.110 0.232 0.391 0.000 0.000 0.000 0.000 0.000 0.000
2016 0.000 0.000 0.000 0.269 0.493 0.762 0.000 0.000 0.000 0.000 0.000 0.000
2017 0.000 0.000 0.000 0.514 0.811 1.000 0.000 0.000 0.000 0.000 0.000 0.000
2018 0.000 0.000 0.000 0.836 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
2019 0.000 0.000 0.000 1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
2020 0.000 0.000 0.000 1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
2021 0.000 0.000 0.000 1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
2022 0.000 0.000 0.000 1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
2023 0.000 0.000 0.000 1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
2024 0.000 0.000 0.000 1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
2025 0.000 0.000 0.000 1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
2026 0.000 0.000 0.000 1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
2027 0.000 0.000 0.000 1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
2028 0.000 0.000 0.001 1.000 1.000 1.000 0.000 0.000 0.001 0.000 0.000 0.000
2029 0.000 0.000 0.003 1.000 1.000 1.000 0.000 0.000 0.002 0.000 0.000 0.000
2030 0.000 0.002 0.140 1.000 1.000 1.000 0.000 0.001 0.005 0.000 0.000 0.000
2031 0.000 0.015 0.395 1.000 1.000 1.000 0.000 0.002 0.011 0.000 0.000 0.000
2032 0.000 0.075 0.812 1.000 1.000 1.000 0.000 0.005 0.027 0.000 0.000 0.000
2033 0.000 0.228 1.000 1.000 1.000 1.000 0.000 0.012 0.058 0.000 0.000 0.000
2034 0.000 0.524 1.000 1.000 1.000 1.000 0.001 0.027 0.117 0.000 0.000 0.001
2035 0.001 0.951 1.000 1.000 1.000 1.000 0.002 0.058 0.204 0.000 0.001 0.002
2036 0.004 1.000 1.000 1.000 1.000 1.000 0.003 0.110 0.321 0.000 0.001 0.006
2037 0.018 1.000 1.000 1.000 1.000 1.000 0.007 0.189 0.457 0.000 0.002 0.014
2038 0.065 1.000 1.000 1.000 1.000 1.000 0.015 0.293 0.609 0.000 0.005 0.033
2039 0.172 1.000 1.000 1.000 1.000 1.000 0.029 0.427 0.772 0.000 0.012 0.070
2040 0.358 1.000 1.000 1.000 1.000 1.000 0.057 0.575 0.946 0.000 0.028 0.131
2041 0.626 1.000 1.000 1.000 1.000 1.000 0.101 0.737 1.000 0.001 0.062 0.225
2042 0.937 1.000 1.000 1.000 1.000 1.000 0.164 0.912 1.000 0.001 0.121 0.346
2043 1.000 1.000 1.000 1.000 1.000 1.000 0.252 1.000 1.000 0.002 0.214 0.490
2044 1.000 1.000 1.000 1.000 1.000 1.000 0.370 1.000 1.000 0.005 0.340 0.646
2045 1.000 1.000 1.000 1.000 1.000 1.000 0.511 1.000 1.000 0.010 0.484 0.814
2046 1.000 1.000 1.000 1.000 1.000 1.000 0.671 1.000 1.000 0.019 0.654 0.986
2047 1.000 1.000 1.000 1.000 1.000 1.000 0.852 1.000 1.000 0.037 0.836 1.000
2048 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.067 1.000 1.000
2049 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.111 1.000 1.000
2050 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.177 1.000 1.000
2051 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.258 1.000 1.000
2052 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.359 1.000 1.000
2053 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.466 1.000 1.000
2054 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.586 1.000 1.000
2055 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.714 1.000 1.000
2056 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.845 1.000 1.000
2057 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.981 1.000 1.000

Hazard Rate 
h(t)

Year

Hazard Rate 
h(t)

Hazard Rate 
h(t)

Main Chamber Emptying Valves Auxilliary Chamber Emptying ValvesMain Chamber Filling Valves

Hazard Rate 
h(t)

Hazard Rate 
h(t)

Hazard Rate 
h(t)

Hazard Rate 
h(t)

Emsworth L&D - Filling and Emptying Valves
Auxilliary  Chamber Filling Valves

Hazard Rate 
h(t)

Hazard Rate 
h(t)

Hazard Rate 
h(t)

Hazard Rate 
h(t)

Hazard Rate 
h(t)

EMS NIM Filling and Emptying Valve Data Input-ver1.xls EMS F&E Valves 6/1/2010
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Summary of Random Variable and their Distribution Used within the Reliability Analysis
Emsworth Locks and Dam - Filling and Emptying System Reliability Models

Random Variable Description Distribution

Monte Carlo Simulation

Piston Position, X c

Length of piston in the closed position from field visit without 
hydraulic force Lognormal

Extending Pressure p Extending hydraulic fluid pressure LognormalExtending Pressure, p 1 Extending hydraulic fluid pressure Lognormal
Retracting Pressure, p 2 Retracting hydraulic fluid pressure Lognormal
Closure angle, f Valve blade-to-casing approach angle at closure Lognormal
Dynamic Friction, mD Coefficient of friction (dynamic or sliding) Lognormal
Static/Dynamic Friction Ratio, mS/Ratio of static to dynamic (sliding) friction Triangular
Peak opening Torque, Topen Peak opening torque PDF developed from MATLAB simulations
Peak closing Torque, Tclosing Peak opening torque PDF developed from MATLAB simulations

Weld Fatigue Resistance, Cf

Weld fatigue stress category from AISC fatigue curves using 
the particular weld category detail NormalWeld Fatigue Resistance, Cf the particular weld category detail Normal

50,000 Simulations resulted in convergence within a variation of 0.01 percent.  70,000 Simulations were used in the analysis.
The sensitivity analysis is contained with Reference Report #90.  

Reliability Block Diagram Formulation using Weibull Distributions , and Characteristic Life 
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ATTACHMENT – 4 
 

DASHIELDS ABUTMENT EVENT TREE 



                 Dashields Locks and Dams 
Dam Abutment Repair Event Tree Sections A and B
                           Event Tree

ACTION COMPONENT RELIABILITY
COMPONENT EVENT CONSEQUENCE REACTION COST DURATION EFFECT

1 - pf

No Failure           No Consequence No Action Taken $0 0 Decreased 1-year

Dashields 
Abutment Section 

A and B

pf = 0.185

Abutment Failure Typical Repair $3,700,000 8 months Fully Reliable

No effect or outage to the lock chamber for navigation

 Repair Abutment Using Rock Anchors 
and Resurfacing

Consequences - DSH Abutment-rev 1-1-25-2010.xls Abt Event Tree 1/25/2010



Summary of Random Variable and their Distribution Used within the Reliability Analysis
Dashields Dam Abutment Reliability Models

Random Variable Description Distribution

Monte Carlo Simulation
Head Water Elevation Driving water surface elevation Normal
Tail Water Elevation Resistance water surface elevation Normal
Backfill/Concrete Friction Angle Friction angle of the backfill Normal
Backfill Moist Density Moist unit weight of the soil backfill material Normal
Backfill Saturated Density Saturated unit weight of the soil backfill material Normal
Concrete Unit Weight Unit weight of the concrete material Normal
Base Sliding Cohesion Cohesion along the base failure plane Normal
Crossbed Cohesion Cohesion along the cross bed failure plane Normal
Rock Density Unit weight of the rock foundation material Normal

Tailwater Retrogression
Reduction factor for resistance water surface elevation 
downstream of the dam Triangular

10,000 Simulations resulted in convergence.  The sensitivity analysis is contained within Reference Report #89.
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ATTACHMENT – 5 
 

MECHANICAL SYSTEM EVENT TREES 
AND 

HAZARD FUNCTIONS 
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ATTACHMENT – 6 
 

ELECTRICAL SYSTEM EVENT TREES 
AND 

HAZARD FUNCTIONS 
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ATTACHMENT – 7 
 

SCHEDULED MAINTENANCE TABLES 



Emsworth Locks and Dams
Forecasted Scheduled Maintenance

Emsworth Locks 
and Dams

Year in 
Service 1921 Major 

Rehabilitation 1984

YEAR AGE
Upstream Miter 

Gate without 
Dewatering

Downstream Miter 
Gate   without 

Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall    Filling 
Valve(s) & Machinery  with 

Local Dewatering (Main 
Chamber 1/2 Speed)

Middle Wall    
Emptying Valve(s) & 

Machinery  With 
Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate  without 
Dewatering

Miter Gate 
Machinery

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall    Filling 
Valve(s) & 

Machinery with 
Dewatering

River Wall    
Emptying Valve(s) & 

Machinery  with 
Dewatering

Miter Gate 
Hydraulic System

2008 87

2009 88

2010 89 x x x
2011 90 x x
2012 91 x x
2013 92 x
2014 93 x x
2015 94 x x x
2016 95 x x
2017 96 x x x x
2018 97 x2 x2 x2 x
2019 98 x2 x2 x
2020 99 x2
2021 100 x2 x2
2022 101 x2 x2
2023 102 x2 x2 x2
2024 103 x3 x3 x2
2025 104 x3 x3 x2 x2
2026 105 x3 x2 x3
2027 106 x3
2028 107 x3 x2
2029 108 x3 x3 x2 x3 x3
2030 109 x3 x4 x4 x3 x2
2031 110 x4 x4 x3 x3 x2
2032 111 x4
2033 112 x4 x4
2034 113 x4 x5 x4 x5 x4 x3
2035 114 x4 x4 x5 x5 x4 x4
2036 115 x5
2037 116 x5 x5

Auxiliary Lock Chamber Forecasted Maintenance ScheduleMain Lock Chamber Forecasted Maintenance Schedule



Emsworth Locks and Dams
Forecasted Scheduled Maintenance

Emsworth Locks 
and Dams

Year in 
Service 1921 Major 

Rehabilitation 1984

YEAR AGE
Upstream Miter 

Gate without 
Dewatering

Downstream Miter 
Gate   without 

Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall    Filling 
Valve(s) & Machinery  with 

Local Dewatering (Main 
Chamber 1/2 Speed)

Middle Wall    
Emptying Valve(s) & 

Machinery  With 
Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate  without 
Dewatering

Miter Gate 
Machinery

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall    Filling 
Valve(s) & 

Machinery with 
Dewatering

River Wall    
Emptying Valve(s) & 

Machinery  with 
Dewatering

Miter Gate 
Hydraulic System

Auxiliary Lock Chamber Forecasted Maintenance ScheduleMain Lock Chamber Forecasted Maintenance Schedule

2038 117 x4 x6 x5 x6 x3 x5 x4
2039 118 x5 x5 x6 x3 x6 x5 x5
2040 119 x5 x6 x3
2041 120 x6 x6 x3
2042 121 x7 x6 x7 x6 x4
2043 122 x6 x6 x5 x7 x7 x6 x6
2044 123 x5 x7
2045 124 x6 x7 x7
2046 125 x8 x7 x8 x4 x7
2047 126 x7 x7 x8 x4 x8 x7 x7
2048 127 x5 x8 x4
2049 128 x8 x8 x4
2050 129 x6 x9 x8 x9 x8 x6
2051 130 x8 x8 x7 x9 x9 x8 x8
2052 131 x9
2053 132 x9 x9
2054 133 x10 x9 x10 x5 x9 x6
2055 134 x9 x9 x10 x5 x10 x9 x9
2056 135 x7 x7 x10 x5
2057 136 x8 x10 x10 x5
2058 137 x11 x10 x11 x10
2059 138 x10 x10 x11 x11 x10 x10
2060 139 x6 x7 x11
2061 140 x11 x6 x11
2062 141 x8 x12 x11 x12 x11 x8 x6
2063 142 x11 x11 x9 x12 x12 x11 x11 x6
2064 143 x12
2065 144 x12 x12



Emsworth Locks and Dams
Forecasted Scheduled Maintenance

Emsworth Locks 
and Dams

Year in 
Service 1921 Major 

Rehabilitation 1984

YEAR AGE

Scheduled 
Maintenance 

Cost            
Main

Scheduled 
Maintenance 

Cost            
Auxiliary

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate   without 

Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall    Filling 
Valve(s) & Machinery  with 

Local Dewatering (Main 
Chamber 1/2 Speed)

Middle Wall    
Emptying Valve(s) & 

Machinery  With 
Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate  without 
Dewatering

Miter Gate 
Machinery

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall    Filling 
Valve(s) & 

Machinery with 
Dewatering

River Wall    Emptying 
Valve(s) & Machinery 

with Dewatering

Miter Gate 
Hydraulic System

2008 87 $0 $0

2009 88 $0 $0

2010 89 $1,785,070 $0 665,370 1,119,700

2011 90 $1,119,700 $483,050 1,119,700 483,050

2012 91 $0 $1,774,720 1,774,720

2013 92 $1,565,920 $0  1,565,920  

2014 93 $2,231,290 $0 665,370 1,565,920

2015 94 $1,588,280 $615,370 794,140 794,140 615,370

2016 95 $615,370 $615,370 615,370 615,370

2017 96 $615,370 $2,307,770 615,370 483,050 1,824,720

2018 97 $1,785,070 $615,370 665,370 1,119,700 615,370

2019 98 $1,119,700 $1,098,420  1,119,700 483,050  615,370

2020 99 $0 $1,774,720 1,774,720

2021 100 $1,565,920 $0 1,565,920

2022 101 $2,231,290 $0 665,370 1,565,920

2023 102 $1,588,280 $615,370 794,140 794,140 615,370

2024 103 $1,119,700 $615,370 1,119,700 615,370

2025 104 $1,119,700 $2,790,820  1,119,700 483,050 483,050  1,824,720

2026 105 $665,370 $1,774,720 665,370 1,774,720

2027 106 $1,565,920 $0 1,565,920

2028 107 $2,181,290 $0 1,565,920 615,370

2029 108 $2,203,650 $615,370 794,140 794,140 615,370 615,370

2030 109 $1,785,070 $1,230,740 665,370 1,119,700 615,370 615,370

2031 110 $1,119,700 $3,406,190  1,119,700 483,050 483,050  1,824,720 615,370

2032 111 $0 $1,774,720 1,774,720

2033 112 $1,565,920 $615,370 1,565,920 615,370

2034 113 $3,350,990 $615,370 665,370 1,565,920 1,119,700 615,370

2035 114 $2,707,980 $2,790,820 794,140 794,140 1,119,700 483,050 483,050 1,824,720

2036 115 $0 $1,774,720 1,774,720

2037 116 $1,565,920 $615,370  1,565,920 615,370  

2038 117 $3,966,360 $615,370 665,370 1,565,920 1,119,700 615,370 615,370

Auxiliary Lock Chamber Forecasted Scheduled Maintenance CostsMain Lock Chamber Forecasted Scheduled Maintenance Costs



Emsworth Locks and Dams
Forecasted Scheduled Maintenance

Emsworth Locks 
and Dams

Year in 
Service 1921 Major 

Rehabilitation 1984

YEAR AGE

Scheduled 
Maintenance 

Cost            
Main

Scheduled 
Maintenance 

Cost            
Auxiliary

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate   without 

Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall    Filling 
Valve(s) & Machinery  with 

Local Dewatering (Main 
Chamber 1/2 Speed)

Middle Wall    
Emptying Valve(s) & 

Machinery  With 
Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate  without 
Dewatering

Miter Gate 
Machinery

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall    Filling 
Valve(s) & 

Machinery with 
Dewatering

River Wall    Emptying 
Valve(s) & Machinery 

with Dewatering

Miter Gate 
Hydraulic System

Auxiliary Lock Chamber Forecasted Scheduled Maintenance CostsMain Lock Chamber Forecasted Scheduled Maintenance Costs

2039 118 $3,323,350 $2,790,820 794,140 794,140 1,119,700 615,370 483,050 483,050 1,824,720

2040 119 $665,370 $2,390,090 665,370 1,774,720 615,370

2041 120 $1,565,920 $1,230,740  1,565,920 615,370  615,370

2042 121 $2,685,620 $615,370  1,565,920 1,119,700 615,370  

2043 122 $3,373,350 $2,790,820 794,140 794,140 665,370  1,119,700 483,050 483,050  1,824,720

2044 123 $0 $1,774,720 1,774,720

2045 124 $2,231,290 $615,370 665,370 1,565,920 615,370

2046 125 $3,300,990 $615,370 1,565,920 1,119,700 615,370 615,370

2047 126 $3,323,350 $2,790,820 794,140 794,140 1,119,700 615,370 483,050 483,050 1,824,720

2048 127 $0 $2,390,090 1,774,720 615,370

2049 128 $1,565,920 $1,230,740  1,565,920 615,370  615,370

2050 129 $3,350,990 $615,370 665,370 1,565,920 1,119,700 615,370

2051 130 $3,373,350 $2,790,820 794,140 794,140 665,370 1,119,700 483,050 483,050 1,824,720

2052 131 $0 $1,774,720 1,774,720

2053 132 $1,565,920 $615,370 1,565,920 615,370

2054 133 $3,300,990 $615,370 1,565,920 1,119,700 615,370 615,370

2055 134 $3,323,350 $2,790,820 794,140 794,140  1,119,700 615,370 483,050 483,050  1,824,720

2056 135 $665,370 $2,390,090 665,370 1,774,720 615,370

2057 136 $2,231,290 $1,230,740 665,370 1,565,920 615,370 615,370

2058 137 $2,685,620 $615,370 1,565,920 1,119,700 615,370

2059 138 $2,707,980 $2,790,820 794,140 794,140 1,119,700 483,050 483,050 1,824,720

2060 139 $615,370 $1,774,720 615,370 1,774,720

2061 140 $2,181,290 $615,370  1,565,920 615,370 615,370  

2062 141 $3,350,990 $1,230,740 665,370 1,565,920 1,119,700 615,370 615,370

2063 142 $3,373,350 $3,406,190 794,140 794,140 665,370 1,119,700 483,050 483,050 1,824,720 615,370

2064 143 $0 $1,774,720 1,774,720

2065 144 $1,565,920 $615,370 1,565,920 615,370



Emsworth Locks and Dams
Forecasted Scheduled Maintenance

Emsworth Locks 
and Dams

Year in 
Service 1921 Major 

Rehabilitation 1984

YEAR AGE
Scheduled 

Maintenance 
Closure        Main

Scheduled 
Maintenance 

Chamber 
Restrictions Main

Scheduled 
Maintenance 

Closure        
Auxiliary

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate   without 

Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall    Filling 
Valve(s) & Machinery  with 

Local Dewatering (Main 
Chamber 1/2 Speed)

Middle Wall    
Emptying Valve(s) & 

Machinery  With 
Dewatering

Miter Gate 
Hydraulic 
System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate  without 
Dewatering

Miter Gate 
Machinery

Middle Wall    
Filling Valve(s) 
& Machinery  
with Local 
Dewatering 

(Main 
Chamber 1/2

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall    Filling 
Valve(s) & 

Machinery with 
Dewatering

River Wall    
Emptying Valve(s) & 

Machinery  with 
Dewatering

Miter Gate 
Hydraulic System

2008 87 0 0 0  

2009 88 0 0 0  

2010 89 33 0 0 15 18

2011 90 18 0 3 18 3

2012 91 0 0 30 30

2013 92 0 30 30 30 30  

2014 93 15 30 30 15 30 30

2015 94 24 0 15 12 12 15

2016 95 15 0 15 15 15

2017 96 15 0 33 15 3 30

2018 97 33 0 15 15 18 15

2019 98 18 0 18  18 3  15

2020 99 0 0 30  30

2021 100 0 30 30 30 30

2022 101 15 30 30 15 30 30

2023 102 24 0 15 12 12 15

2024 103 18 0 15 18 15

2025 104 18 0 36 18 3 3  30

2026 105 15 0 30 15 30

2027 106 0 30 30 30 30

2028 107 15 30 30 30 15 30

2029 108 39 0 15 12 12  15 15

2030 109 33 0 30 15  18 15 15

2031 110 18 0 51 18 3 3  30 15

2032 111 0 0 30 30

2033 112 0 30 45 30 15 30

2034 113 33 30 45 15 30 18 15 30

2035 114 42 0 36 12 12 18 3 3 30

2036 115 0 0 30 30

2037 116 0 30 45 30 15 30  

2038 117 48 30 45 15  30 18 15 15 30

2039 118 57 0 36 12 12  18 15 3 3 30

2040 119 15 0 45 15 30 15

2041 120 0 30 60 30 15 30  15

Auxiliary Lock Chamber Forecasted Scheduled Maintenance CostsMain Lock Chamber Forecasted Scheduled Maintenance Costs



Emsworth Locks and Dams
Forecasted Scheduled Maintenance

Emsworth Locks 
and Dams

Year in 
Service 1921 Major 

Rehabilitation 1984

YEAR AGE
Scheduled 

Maintenance 
Closure        Main

Scheduled 
Maintenance 

Chamber 
Restrictions Main

Scheduled 
Maintenance 

Closure        
Auxiliary

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate   without 

Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall    Filling 
Valve(s) & Machinery  with 

Local Dewatering (Main 
Chamber 1/2 Speed)

Middle Wall    
Emptying Valve(s) & 

Machinery  With 
Dewatering

Miter Gate 
Hydraulic 
System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate  without 
Dewatering

Miter Gate 
Machinery

Middle Wall    
Filling Valve(s) 
& Machinery  
with Local 
Dewatering 

(Main 
Chamber 1/2

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall    Filling 
Valve(s) & 

Machinery with 
Dewatering

River Wall    
Emptying Valve(s) & 

Machinery  with 
Dewatering

Miter Gate 
Hydraulic System

Auxiliary Lock Chamber Forecasted Scheduled Maintenance CostsMain Lock Chamber Forecasted Scheduled Maintenance Costs

2042 121 18 30 45 30 18 15 30  

2043 122 57 0 36 12 12 15 18 3 3  30

2044 123 0 0 30 30

2045 124 15 30 45 15 30 15 30

2046 125 33 30 45 30 18 15 15 30

2047 126 57 0 36 12 12 18 15 3 3 30

2048 127 0 0 45  30 15

2049 128 0 30 60  30 15 30  15

2050 129 33 30 45 15 30 18 15 30

2051 130 57 0 36 12 12 15 18 3 3 30

2052 131 0 0 30 30

2053 132 0 30 45 30 15 30

2054 133 33 30 45 30 18 15 15 30

2055 134 57 0 36 12 12 18 15 3 3  30

2056 135 15 0 45 15 30 15

2057 136 15 30 60 15 30 15 30 15

2058 137 18 30 45  30 18 15 30

2059 138 42 0 36 12 12  18 3 3 30

2060 139 15 0 30 15 30

2061 140 15 30 45 30 15 15 30  

2062 141 33 30 60 15 30 18 15 30 15

2063 142 57 0 51 12 12 15 18 3 3 30 15

2064 143 0 0 30 30

2065 144 0 30 45 30 15 30



Dashields Locks and Dams
Forecasted Scheduled Maintenance

Dashields Locks 
and Dam

Year in 
Service 1929 Major 

Rehabilitation 1990

YEAR AGE
Upstream Miter 

Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with 
Localized Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall Filling 
Valve & Machinery 

with Localized 
Dewatering

River Wall Emptying 
Valve & Machinery   

with Localized 
Dewatering

Miter Gate 
Hydraulic System

2008 79

2009 80

2010 81 x x
2011 82 x x x
2012 83 x x x
2013 84 x
2014 85 x
2015 86 x x x
2016 87 x x x
2017 88 x
2018 89 x2 x
2019 90 x2 x2
2020 91 x2 x2 x2
2021 92 x2 x2
2022 93 x2 x2
2023 94 x2 x2
2024 95 x3 x2
2025 96 x3 x3 x2
2026 97 x2 x3 x2 x3
2027 98 x3
2028 99 x3
2029 100 x3 x3 x3 x2
2030 101 x4 x3 x4 x3 x2
2031 102 x4 x3
2032 103 x4 x4
2033 104 x4 x3
2034 105 x5 x5 x4 x3 x3
2035 106 x5 x4 x4
2036 107 x4 x4 x5 x5
2037 108 x4 x5
2038 109 x6 x6 x5 x4 x3

Auxiliary Lock Chamber Forecasted Maintenance ScheduleMain Lock Chamber Forecasted Maintenance Schedule



Dashields Locks and Dams
Forecasted Scheduled Maintenance

Dashields Locks 
and Dam

Year in 
Service 1929 Major 

Rehabilitation 1990

YEAR AGE
Upstream Miter 

Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with 
Localized Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall Filling 
Valve & Machinery 

with Localized 
Dewatering

River Wall Emptying 
Valve & Machinery   

with Localized 
Dewatering

Miter Gate 
Hydraulic System

Auxiliary Lock Chamber Forecasted Maintenance ScheduleMain Lock Chamber Forecasted Maintenance Schedule

2039 110 x6 x5 x5 x3
2040 111 x5 x6 x4 x6
2041 112 x6 x4
2042 113 x7 x5 x7 x6 x4
2043 114 x7 x5 x6 x6
2044 115 x6 x7 x5 x7
2045 116 x7
2046 117 x8 x9 x7 x5
2047 118 x8 x6 x7 x7 x4
2048 119 x6 x7 x8 x8 x4
2049 120 x8 x5 x6
2050 121 x9 x9 x8 x5
2051 122 x9 x6 x8 x8
2052 123 x7 x8 x9 x9
2053 124 x7 x9
2054 125 x10 x10 x9 x7
2055 126 x10 x9 x9
2056 127 x6 x9 x10 x7 x10 x5
2057 128 x8 x10 x6 x5
2058 129 x11 x8 x11 x10
2059 130 x11 x8 x10 x10
2060 131 x10 x11 x11
2061 132 x11 x8
2062 133 x12 x12 x11
2063 134 x12 x9 x7 x11 x11 x6
2064 135 x9 x7 x11 x12 x9 x12 x6
2065 136 x12



Dashields Locks and Dam
Forecasted Scheduled Maintenance

Dashields Locks 
and Dam

Year in 
Service 1929 Major 

Rehabilitation 1990

YEAR AGE

Scheduled 
Maintenance 

Cost            
Main

Scheduled 
Maintenance 

Cost            
Auxiliary

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with 
Localized Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall Filling 
Valve & Machinery 

with Localized 
Dewatering

River Wall Emptying 
Valve & Machinery   

with Localized 
Dewatering

Miter Gate 
Hydraulic System

2008 79 $0 $0

2009 80 $0 $0

2010 81 $1,459,510 $0 794,140 665,370

2011 82 $2,355,455 $0 794,140 665,370 895,945

2012 83 $0 $2,813,140 483,050 615,370 1,714,720

2013 84 $1,067,260 $0 1,067,260

2014 85 $1,067,260 $0 1,067,260

2015 86 $615,370 $1,149,440 615,370 574,720 574,720

2016 87 $615,370 $1,098,420 615,370 483,050 615,370

2017 88 $0 $615,370 615,370

2018 89 $794,140 $615,370 794,140 615,370

2019 90 $1,690,085 $0 794,140 895,945

2020 91 $665,370 $2,197,770 665,370 483,050 1,714,720

2021 92 $1,732,630 $0 665,370 1,067,260

2022 93 $1,067,260 $615,370 1,067,260 615,370

2023 94 $0 $1,149,440 574,720 574,720

2024 95 $794,140 $483,050 794,140 483,050

2025 96 $2,305,455 $0 794,140 895,945 615,370

2026 97 $615,370 $2,813,140 615,370 483,050 615,370 1,714,720

2027 98 $1,067,260 $0 1,067,260

2028 99 $1,067,260 $0 1,067,260

2029 100 $665,370 $1,764,810 665,370 574,720 574,720 615,370

2030 101 $2,355,455 $1,098,420 794,140 665,370 895,945 483,050 615,370

2031 102 $794,140 $615,370 794,140 615,370

2032 103 $0 $2,197,770 483,050 1,714,720

2033 104 $1,682,630 $0 1,067,260 615,370

2034 105 $3,372,715 $615,370 794,140 895,945 1,067,260 615,370 615,370

2035 106 $794,140 $1,149,440 794,140 574,720 574,720

2036 107 $665,370 $2,680,820 665,370 483,050 483,050 1,714,720

2037 108 $1,732,630 $0 665,370 1,067,260

2038 109 $2,757,345 $1,230,740 794,140 895,945 1,067,260 615,370 615,370

Auxiliary Lock Chamber Forecasted Scheduled Maintenance CostsMain Lock Chamber Forecasted Scheduled Maintenance Costs



Dashields Locks and Dam
Forecasted Scheduled Maintenance

Dashields Locks 
and Dam

Year in 
Service 1929 Major 

Rehabilitation 1990

YEAR AGE

Scheduled 
Maintenance 

Cost            
Main

Scheduled 
Maintenance 

Cost            
Auxiliary

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with 
Localized Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall Filling 
Valve & Machinery 

with Localized 
Dewatering

River Wall Emptying 
Valve & Machinery   

with Localized 
Dewatering

Miter Gate 
Hydraulic System

Auxiliary Lock Chamber Forecasted Scheduled Maintenance CostsMain Lock Chamber Forecasted Scheduled Maintenance Costs

2039 110 $794,140 $1,764,810 794,140 574,720 574,720 615,370

2040 111 $0 $3,296,190 483,050 483,050 615,370 1,714,720

2041 112 $1,682,630 $0 1,067,260 615,370

2042 113 $4,038,085 $0 794,140 665,370 895,945 1,067,260 615,370

2043 114 $1,459,510 $1,149,440 794,140 665,370 574,720 574,720

2044 115 $0 $3,296,190 483,050 483,050 615,370 1,714,720

2045 116 $1,067,260 $0 1,067,260

2046 117 $2,757,345 $615,370 794,140 895,945 1,067,260 615,370

2047 118 $1,459,510 $1,764,810 794,140 665,370 574,720 574,720 615,370

2048 119 $665,370 $3,296,190 665,370 483,050 483,050 1,714,720 615,370

2049 120 $1,682,630 $615,370 1,067,260 615,370 615,370

2050 121 $3,372,715 $0 794,140 895,945 1,067,260 615,370

2051 122 $794,140 $1,764,810 794,140 615,370 574,720 574,720

2052 123 $665,370 $2,680,820 665,370 483,050 483,050 1,714,720

2053 124 $1,732,630 $0 665,370 1,067,260

2054 125 $2,757,345 $615,370 794,140 895,945 1,067,260 615,370

2055 126 $794,140 $1,149,440 794,140 574,720 574,720

2056 127 $615,370 $3,911,560 615,370 483,050 483,050 615,370 1,714,720 615,370

2057 128 $2,348,000 $615,370 665,370 1,067,260 615,370 615,370

2058 129 $3,422,715 $0 794,140 665,370 895,945 1,067,260

2059 130 $794,140 $1,764,810 794,140 615,370 574,720 574,720

2060 131 $0 $2,680,820 483,050 483,050 1,714,720

2061 132 $1,067,260 $615,370 1,067,260 615,370

2062 133 $2,757,345 $0 794,140 895,945 1,067,260

2063 134 $2,074,880 $1,764,810 794,140 665,370 615,370 574,720 574,720 615,370

2064 135 $1,280,740 $3,911,560 665,370 615,370 483,050 483,050 615,370 1,714,720 615,370

2065 136 $1,067,260 $0 1,067,260

Notes:  Certain years have multiple work component ctivities, spreadsheet manually adjusted to avoid double counting the plant costs and the labor costs.  Use just additional material costs.  Modifications identified in the shaded cells. 



Dashields Locks and Dam
Forecasted Scheduled Maintenance

Dashields Locks 
and Dam

Year in 
Service 1929 Major 

Rehabilitation 1990

YEAR AGE

Scheduled 
Maintenance 

Closure         
Main

Scheduled 
Maintenance 

Chamber 
Restrictions Main

Scheduled 
Maintenance 

Closure        
Auxiliary

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with 
Localized Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill 
& Quoin with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with Localized 
Dewatering

River Wall Filling 
Valve & Machinery 

with Localized 
Dewatering

River Wall Emptying 
Valve & Machinery   

with Localized 
Dewatering

Miter Gate 
Hydraulic System

2008 79 0 0 0

2009 80 0 0 0

2010 81 27 0 0 12 15

2011 82 42 0 0 12 15 15

2012 83 0 0 30 3 15 30

2013 84 0 19 19 19 19

2014 85 0 19 19 19 19

2015 86 15 0 20 15 10 10

2016 87 15 0 18 15 3 15

2017 88 0 0 15 15

2018 89 12 0 15 12 15

2019 90 27 0 0 12 15

2020 91 15 0 30 15 3 30

2021 92 15 19 19 15 19 19

2022 93 0 19 34 19 15 19

2023 94 0 0 20 10 10

2024 95 12 0 3 12 3

2025 96 42 0 0 12 15 15

2026 97 15 0 48 15 3 15 30

2027 98 0 19 19 19 19

2028 99 0 19 19 19 19

2029 100 15 0 35 15 10 10 15

2030 101 42 0 18 12 15 15 3 15

2031 102 12 0 15 12 15

2032 103 0 0 33 3 30

2033 104 15 19 19 19 15 19

2034 105 42 19 34 12 15 19 15 15 19

2035 106 12 0 20 12 10 10

2036 107 15 0 36 15 3 3 30

2037 108 15 19 19 15 19 19

2038 109 27 19 49 12 15 19 15 19 15

2039 110 12 0 35 12 10 10 15

2040 111 0 0 51 3 3 15 30

2041 112 15 19 19 19 15 19

2042 113 57 19 19 12 15 15 19 15 19

2043 114 27 0 20 12 15 10 10

2044 115 0 0 51 3 3 15 30

Auxiliary Lock Chamber Forecasted Scheduled Maintenance CostsMain Lock Chamber Forecasted Scheduled Maintenance Costs



Dashields Locks and Dam
Forecasted Scheduled Maintenance

Dashields Locks 
and Dam

Year in 
Service 1929 Major 

Rehabilitation 1990

YEAR AGE

Scheduled 
Maintenance 

Closure         
Main

Scheduled 
Maintenance 

Chamber 
Restrictions Main

Scheduled 
Maintenance 

Closure        
Auxiliary

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with 
Localized Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill 
& Quoin with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with Localized 
Dewatering

River Wall Filling 
Valve & Machinery 

with Localized 
Dewatering

River Wall Emptying 
Valve & Machinery   

with Localized 
Dewatering

Miter Gate 
Hydraulic System

Auxiliary Lock Chamber Forecasted Scheduled Maintenance CostsMain Lock Chamber Forecasted Scheduled Maintenance Costs

2045 116 0 19 19 19 19

2046 117 27 19 34 12 15 19 15 19

2047 118 27 0 35 12 15 10 10 15

2048 119 15 0 51 15 3 3 30 15

2049 120 15 19 34 19 15 15 19

2050 121 42 19 19 12 15 19 15 19

2051 122 12 0 35 12 15 10 10

2052 123 15 0 36 15 3 3 30

2053 124 15 19 19 15 19 19

2054 125 27 19 34 12 15 19 15 19

2055 126 12 0 20 12 10 10

2056 127 15 0 66 15 3 3 15 30 15

2057 128 30 19 34 15 19 15 19 15

2058 129 42 19 19 12 15 15 19 19

2059 130 12 0 35 12 15 10 10

2060 131 0 0 36 3 3 30

2061 132 0 19 34 19 15 19

2062 133 27 19 19 12 15 19 19

2063 134 42 0 35 12 15 15 10 10 15

2064 135 30 0 66 15 15 3 3 15 30 15

2065 136 0 19 19 19 19
948 437 1,500



Montgomery Locks and Dams
Forecasted Scheduled Maintenance

Montgomery 
Locks and Dam

Year in 
Service 1936 Major 

Rehabilitation 1989

YEAR AGE
Upstream Miter 

Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with 
Localized Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall Filling 
Valve & Machinery 

with Localized 
Dewatering

River Wall Emptying 
Valve & Machinery   

with Localized 
Dewatering

Miter Gate 
Hydraulic System

2008 72 x
2009 73

2010 74 x
2011 75

2012 76 x x
2013 77 x x x
2014 78 x x x x
2015 79 x x x
2016 80 x2 x
2017 81

2018 82 x2 x x x
2019 83

2020 84 x2
2021 85 x2 x2
2022 86 x2 x3 x2 x2
2023 87 x2 x2 x2 x2
2024 88 x2
2025 89 x3 x2
2026 90 x3 x2
2027 91 x3
2028 92 x3 x4 x3 x2 x3 x2
2029 93 x3 x3
2030 94 x2
2031 95 x3 x4 x3
2032 96 x4 x3 x5 x3
2033 97 x4
2034 98 x4 x3 x4 x4
2035 99 x5 x3 x4 x4
2036 100 x5 x6 x3
2037 101 x5 x4
2038 102 x5 x4 x5 x5 x3

Auxiliary Lock Chamber Forecasted Maintenance ScheduleMain Lock Chamber Forecasted Maintenance Schedule



Montgomery Locks and Dams
Forecasted Scheduled Maintenance

Montgomery 
Locks and Dam

Year in 
Service 1936 Major 

Rehabilitation 1989

YEAR AGE
Upstream Miter 

Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with 
Localized Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall Filling 
Valve & Machinery 

with Localized 
Dewatering

River Wall Emptying 
Valve & Machinery   

with Localized 
Dewatering

Miter Gate 
Hydraulic System

Auxiliary Lock Chamber Forecasted Maintenance ScheduleMain Lock Chamber Forecasted Maintenance Schedule

2039 103 x4 x6 x5 x5
2040 104 x6 x4 x7 x3
2041 105 x6
2042 106 x6 x5 x6 x4 x6
2043 107 x7 x5 x6 x6
2044 108 x7 x8 x4
2045 109 x7 x4
2046 110 x5 x7 x6 x7 x7 x4
2047 111 x5 x8 x7 x7
2048 112 x8 x9 x5 x4
2049 113 x8 x6
2050 114 x8 x7 x8 x8
2051 115 x9 x8 x8
2052 116 x9 x6 x10 x5
2053 117 x9 x6 x5 x6
2054 118 x9 x8 x9 x7 x9 x5
2055 119 x10 x9 x9
2056 120 x10 x11 x5
2057 121 x10
2058 122 x7 x10 x9 x10 x7
2059 123 x7 x11 x6 x8 x10 x10 x10
2060 124 x11 x12 x6 x6
2061 125 x11
2062 126 x11 x10 x11 x6
2063 127 x12 x8 x11 x11
2064 128 x12 x8 x13 x9 x11
2065 129 x12 x8



Montgomery Locks and Dam
Forecasted Scheduled Maintenance

Montgomery 
Locks and Dam

Year in 
Service 1936 Major 

Rehabilitation 1989

YEAR AGE

Scheduled 
Maintenance 

Cost            
Main

Scheduled 
Maintenance 

Cost            
Auxiliary

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with 
Localized Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall Filling 
Valve & Machinery 

with Localized 
Dewatering

River Wall Emptying 
Valve & Machinery   

with Localized 
Dewatering

Miter Gate 
Hydraulic System

2008 72 $1,067,260 $0 1,067,260

2009 73 $0 $0

2010 74 $1,067,260 $0 1,067,260

2011 75 $0 $0

2012 76 $894,140 $0 794,140 100,000

2013 77 $1,820,085 $0 794,140 100,000 925,945

2014 78 $615,370 $2,277,770 615,370 483,050 50,000 1,744,720

2015 79 $615,370 $1,149,440 615,370 574,720 574,720

2016 80 $1,067,260 $615,370 1,067,260 615,370

2017 81 $0 $0

2018 82 $1,067,260 $1,148,420 1,067,260 483,050 50,000 615,370

2019 83 $0 $0

2020 84 $794,140 $0 794,140

2021 85 $1,720,085 $0 794,140 925,945

2022 86 $1,732,630 $2,227,770 665,370 1,067,260 483,050 1,744,720

2023 87 $665,370 $1,764,810 665,370 615,370 574,720 574,720

2024 88 $615,370 $0 615,370

2025 89 $1,682,630 $0 1,067,260 615,370

2026 90 $794,140 $483,050 794,140 483,050

2027 91 $794,140 $0 794,140

2028 92 $1,993,205 $3,458,510 925,945 1,067,260 483,050 615,370 1,744,720 615,370

2029 93 $0 $1,149,440 574,720 574,720

2030 94 $0 $615,370 615,370

2031 95 $1,732,630 $615,370 665,370 1,067,260 615,370

2032 96 $2,526,770 $483,050 794,140 665,370 1,067,260 483,050

2033 97 $794,140 $0 794,140

2034 98 $1,541,315 $2,227,770 925,945 615,370 483,050 1,744,720

2035 99 $1,682,630 $1,149,440 1,067,260 615,370 574,720 574,720

2036 100 $1,861,400 $615,370 794,140 1,067,260 615,370

2037 101 $794,140 $615,370 794,140 615,370

2038 102 $925,945 $3,326,190 925,945 483,050 483,050 1,744,720 615,370

Auxiliary Lock Chamber Forecasted Scheduled Maintenance CostsMain Lock Chamber Forecasted Scheduled Maintenance Costs



Montgomery Locks and Dam
Forecasted Scheduled Maintenance

Montgomery 
Locks and Dam

Year in 
Service 1936 Major 

Rehabilitation 1989

YEAR AGE

Scheduled 
Maintenance 

Cost            
Main

Scheduled 
Maintenance 

Cost            
Auxiliary

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with 
Localized Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill 
& Quoin with 
Dewatering

River Wall Filling 
Valve & Machinery 

with Localized 
Dewatering

River Wall Emptying 
Valve & Machinery   

with Localized 
Dewatering

Miter Gate 
Hydraulic System

Auxiliary Lock Chamber Forecasted Scheduled Maintenance CostsMain Lock Chamber Forecasted Scheduled Maintenance Costs

2039 103 $1,732,630 $1,149,440 665,370 1,067,260 574,720 574,720

2040 104 $2,526,770 $615,370 794,140 665,370 1,067,260 615,370

2041 105 $794,140 $0 794,140

2042 106 $925,945 $3,326,190 925,945 483,050 483,050 615,370 1,744,720

2043 107 $1,067,260 $1,764,810 1,067,260 615,370 574,720 574,720

2044 108 $2,476,770 $0 794,140 1,067,260 615,370

2045 109 $1,409,510 $0 794,140 615,370

2046 110 $1,591,315 $3,326,190 665,370 925,945 483,050 483,050 1,744,720 615,370

2047 111 $1,732,630 $1,149,440 665,370 1,067,260 574,720 574,720

2048 112 $1,861,400 $1,230,740 794,140 1,067,260 615,370 615,370

2049 113 $794,140 $615,370 794,140 615,370

2050 114 $925,945 $2,710,820 925,945 483,050 483,050 1,744,720

2051 115 $1,067,260 $1,149,440 1,067,260 574,720 574,720

2052 116 $3,142,140 $0 794,140 665,370 1,067,260 615,370

2053 117 $2,074,880 $615,370 794,140 665,370 615,370 615,370

2054 118 $925,945 $3,941,560 925,945 483,050 483,050 615,370 1,744,720 615,370

2055 119 $1,067,260 $1,149,440 1,067,260 574,720 574,720

2056 120 $1,861,400 $615,370 794,140 1,067,260 615,370

2057 121 $794,140 $0 794,140

2058 122 $1,591,315 $1,581,470 665,370 925,945 483,050 483,050 615,370

2059 123 $2,348,000 $3,509,530 665,370 1,067,260 615,370 615,370 1,744,720 574,720 574,720

2060 124 $2,476,770 $615,370 794,140 1,067,260 615,370 615,370

2061 125 $794,140 $0 794,140

2062 126 $925,945 $1,581,470 925,945 483,050 483,050 615,370

2063 127 $1,067,260 $1,764,810 1,067,260 615,370 574,720 574,720

2064 128 $2,526,770 $2,360,090 794,140 665,370 1,067,260 615,370 1,744,720

2065 129 $1,459,510 $0 794,140 665,370



Montgomery Locks and Dam
Forecasted Scheduled Maintenance

Montgomery 
Locks and Dam

Year in 
Service 1936 Major 

Rehabilitation 1989

YEAR AGE

Scheduled 
Maintenance 

Closure         
Main

Scheduled 
Maintenance 

Chamber 
Restrictions Main

Scheduled 
Maintenance 

Closure        
Auxiliary

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with 
Localized Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill 
& Quoin with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with Localized 
Dewatering

River Wall Filling 
Valve & Machinery 

with Localized 
Dewatering

River Wall Emptying 
Valve & Machinery   

with Localized 
Dewatering

Miter Gate 
Hydraulic System

2008 72 0 19 19 19 19

2009 73 0 0 0

2010 74 0 19 19 19 19

2011 75 0 0 0

2012 76 27 0 0 12 15

2013 77 42 0 0 12 15 15

2014 78 15 0 30 15 3 15 30

2015 79 15 0 20 15 10 10

2016 80 0 19 30 19 19 15

2017 81 0 0 0

2018 82 0 19 30 19 3 15 19 15

2019 83 0 0 0

2020 84 12 0 0 12

2021 85 27 0 0 12 15

2022 86 15 19 52 15 19 3 30 19

2023 87 15 0 35 15 15 10 10

2024 88 15 0 0 15

2025 89 15 19 19 19 15 19

2026 90 12 0 3 12 3

2027 91 12 0 0 12

2028 92 15 19 82 15 19 3 15 30 19 15

2029 93 0 0 20 10 10

2030 94 0 0 15 15

2031 95 15 19 34 15 19 15 19

2032 96 27 19 22 12 15 19 3 19

2033 97 12 0 0 12

2034 98 30 0 33 15 15 3 30

2035 99 15 19 39 19 15 19 10 10

2036 100 12 19 34 12 19 15 19

2037 101 12 0 15 12 15

2038 102 15 0 51 15 3 3 30 15

2039 103 15 19 39 15 19 19 10 10

2040 104 27 19 34 12 15 19 19 15

2041 105 12 0 0 12

2042 106 15 0 51 15 3 3 15 30

2043 107 0 19 54 19 15 19 10 10

2044 108 27 19 19 12 19 15 19

Auxiliary Lock Chamber Forecasted Scheduled Maintenance CostsMain Lock Chamber Forecasted Scheduled Maintenance Costs



Montgomery Locks and Dam
Forecasted Scheduled Maintenance

Montgomery 
Locks and Dam

Year in 
Service 1936 Major 

Rehabilitation 1989

YEAR AGE

Scheduled 
Maintenance 

Closure         
Main

Scheduled 
Maintenance 

Chamber 
Restrictions Main

Scheduled 
Maintenance 

Closure        
Auxiliary

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill & 
Quoins with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with 
Localized Dewatering

Miter Gate 
Hydraulic System

Upstream Miter 
Gate without 
Dewatering

Downstream Miter 
Gate without 
Dewatering

Miter Gate 
Machinery 

without 
Dewatering

Miter Gate Sill 
& Quoin with 
Dewatering

Middle Wall Filling & 
Emptying Valves & 

Machinery  with Localized 
Dewatering

Land Wall Filling & 
Emptying Valves & 

Machinery with Localized 
Dewatering

River Wall Filling 
Valve & Machinery 

with Localized 
Dewatering

River Wall Emptying 
Valve & Machinery   

with Localized 
Dewatering

Miter Gate 
Hydraulic System

Auxiliary Lock Chamber Forecasted Scheduled Maintenance CostsMain Lock Chamber Forecasted Scheduled Maintenance Costs

2045 109 27 0 0 12 15

2046 110 30 0 51 15 15 3 3 30 15

2047 111 15 19 39 15 19 19 10 10

2048 112 12 19 49 12 19 15 19 15

2049 113 12 0 15 12 15

2050 114 15 0 36 15 3 3 30

2051 115 0 19 39 19 19 10 10

2052 116 42 19 19 12 15 19 15 19

2053 117 42 0 15 12 15 15 15

2054 118 15 0 66 15 3 3 15 30 15

2055 119 0 19 39 19 19 10 10

2056 120 12 19 34 12 19 19 15

2057 121 12 0 0 12

2058 122 30 0 21 15 15 3 3 15

2059 123 30 19 84 15 19 15 15 30 19 10 10

2060 124 27 19 34 12 19 15 19 15

2061 125 12 0 0 12

2062 126 15 0 21 15 3 3 15

2063 127 0 19 54 19 15 19 10 10

2064 128 27 19 64 12 15 19 15 30 19

2065 129 27 0 0 12 15
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ATTACHMENT – 8 
 

EXISTING PROJECT STAGE / DURATION CURVES 
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DASHIELDS ELEVATION DURATIONS
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MONTGOMERY ELEVATION DURATIONS
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